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A National Headquarters for Physicists 


N August 20, 1943, authorized representa- 
tives of the American Institute of Physics 
negotiated a contract to purchase the building at 
57 East 55 Street, New York City, as a national 
home office for the physicists of America. The 
passing of this milestone in the history of physics 


in America does not mean 
that the campaign to raise 
funds for the purchase of 
the building has attained 
its goal. It has not yet 
done so. It means not 
only that the Institute 
is committed to the pur- 
chase and that the cam- 
paign is progressing 
favorably enough to jus- 
tify the action taken, but 
also that the remain- 
ing physicists and their 
friends, who have not yet 
joined over a thousand of 
their colleagues in sup- 
porting the project, must 
now be relied upon to 
bring the fund at least 
to the $75,000 total 
sought. Approximately 
$25,000 has still to be 
raised. Without question 
it can be done, but only 
with everyone helping. 


By Henry A. BARTON 


Director of the American Institute of Physics 
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Even physicists are likely to underestimate the 
value of their field of activity. Physics in this 
country has come from modest beginnings. Less 
than 50 years ago there did not exist any 
organized society through which all the physicists 
in America could gain the strength of mutual 


encouragement. There was 
no adequate provision for 
the sharing of information 
nor for the establishing of 
a professional status for 
physicists. In 1899, the 
American Physical Society | 
was founded but it was 
some twenty years be- 
fore its meetings became 
“crowded.” Only in 1918 
did the physicist, as a pro- 
fessional, begin to come 
into some prominence. 

In 1918, the idea of 
a $75,000 building would 
have seemed far out of 
proportion. Now the 
situation has completely 
changed but even physi- 
cists themselves are likely 
not to realize how much 
it has changed. Instead 
of 1000 physicists there 
are 6500. Instead of an- 
nual services to physi- 








cists, including publication, costing less than 
$12,000, such activities now require an out- 
lay of more than $125,000. An investment of 
$75,000 in a headquarters building is now cer- 
tainly not too much for physics and many 
physicists are proving by their contributions that 
it is not too much for them. 

Now, in marked contrast to 1918, there are five 
large and strong national societies of physics 
which as entities are the ‘““Members” of the 
American Institute of Physics. They really are 
the Institute. They control it. The fruits of its 
work and achievements belong to them and to 
their members. The new building, the national 
home office, is theirs. To these five societies other, 
as yet small, groups devoted to particular fields 
of physics are being added as Associates of the 
Institute. They are staying in the physics family. 
The Institute offers a way of conserving the unity 
of physicists without any sacrifice of independ- 
ence and small-group enthusiasm. 

Until about fifteen years ago physics was 
thought of mainly as a course of study or as a 
branch of higher scholarship. It was an area of 
knowledge fascinating in its known outline and 
rich in the possibilities of new exploration. Now, 
however, the habits of mind developed by the 
study of physics on the one hand, and the 
rapidity with which new discoveries have been 
made on the other, have combined to make it 
necessary for industries to turn to physicists 
themselves to supervise the application of physics 
to their problems. These problems have grown 
beyond the methods, the scope, and the capacities 
of the recognized fields of engineering and 
chemistry. 

It is now barely a majority of physicists who 
are still to be found in academic surroundings, 


500 





even though they too have increased in number. 
Some fear this swing and say that it will react 
against pure research—that the programs and 
character of the meetings of our societies will be 
unduly dominated by physics ‘‘at work”’ and that 
this will destroy the proper atmosphere for 
physics as a field of exploration after knowledge. 
There should be no basis for such fears for surely 
the development of applied physics should ac- 
celerate rather than retard the fundamental ad- 
vance of the science. The Institute, at all events, 
will continue to represent all physicists and to 
provide a way for the strength of all to be im- 
parted to the welfare of each. 

The increased number of physicists, the in- 
creased importance of their industrial contri- 
bution, and the growth of organizational activi- 
ties these developments necessitate combine to 
make the present a most opportune time for the 
acquisition by the Institute of a building of its 
own—a national headquarters through which 
may be focused the efforts of physicists to ad- 
vance their science and their service to the com- 
munity at large. The building at 57 East 55 
Street, New York, is a fine building, handsome, 
well arranged, and a bargain. The estimated 
annual cost of its maintenance seems to be safely 
within the Institute’s current means. It provides 
improved and expanded office space already 
seriously needed. It will permit many useful and 
desirable activities to be carried on that now are 
neglected. The purchase of the building, ex- 
amined over a ten-year period in prospect, ap- 
pears to be good business economy just as office 
space, but that is not the most important thing 
at all. The advantages of the building as an 
implement of professional unity and strength are 
of the greatest significance. 
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The American Institute of Physics Building 


HOME office for the American Institute of Physics, as well as a national head- 

quarters for its member societies and for the physicists of America is no longer a 
dream but a definite accomplished fact. At a fraction of its former value, the Institute has 
obtained a building eminently suited to its needs. Because of the durable construction 
and fire-proof nature of the building, upkeep costs will be reasonably low. This fact to- 
gether with the tax-free status of the Institute makes ““‘home-ownership” decidedly a 
matter of good business. 

The suitability of the building for the purposes of the Institute has been emphasized in 
the appeal for funds. The dignified entrance hall will make physicists proud of ‘‘their 
building.’’ The large member’s room on the second floor will provide a place for physicists 
visiting New York to read, write, telephone, and meet people. In addition, this room will 
make an excellent board room and meeting place for small groups. The other rooms on the 
second, third, and fourth floors will provide adequate space for the Director, Publications 
Manager, and other officers of the Institute, and for the publications staff. Fortunately 
there is room for the expansion of the activities of the Institute which is sure to come in the 
near future. 

Many of the interior photographs in this issue of the Journal show the furnishings of the 
building when used as a residence. Naturally when used as an office some of the elegance 
will be sacrificed for utility. The Institute will of necessity carry out gradually interior 
decorations adapted to its new use. Since the building has not been used for several years 
minor repairs and a thorough cleaning will be in order first of all. Although the present 
appearance of the building inside and out is not as bright as the pictures used here in- 
dicate the architectural details are in sound condition underneath the grime. 

Dr. Barton has pointed out that the goal of $75,000 which must be raised if this building 
is to be owned by the Institute free-of-debt has not yet been reached. Physicists are asked 
to send in their contributions soon. Every physicist will want to own a small part of this 
building. It is to be hoped that everyone will make a contribution even if it must be small 
so that the Institute will know that physicists are unanimously back of its carefully 
formulated program for the future of organized physics in America. Great credit is due 
to the Governing Board and the War Policy Committee, but those close to the Institute 
know that were it not for the hard work and unbounded enthusiasm of the Director and 
the Publications Manager, a national headquarters for physicists would not have been 
possible for a long time to come. 

So that physicists may become better acquainted with their new headquarters, a series 
of articles describing the building is planned. The first of these is concerned with its early 
history and follows below.—THE EDITOR 





I. Early History of the Building’ 


By Rose V. HUTCHISSON 


HE new home of the American Institute of 
Physics at 57 East 55 Street, New York 
City, was known from the time of its construction 


in 1909 to its sale in 1937 as the Martin Erdmann 
Residence. It isa five-storied English Renaissance 
house, which was considered by contemporary 
eaereese Ss critics a capable, daring, and clever work of archi- 


'! The author wishes to thank Mr. Julian Clarence Levi, tecture.” Its dignified limestone fagade may have 
architect, for information, sketches, and photographs per- —____—__— 





taining to the building of the Erdmann Residence. 
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2 Architecture 20, 147 (October 15, 1909). 
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Architect's preliminary sketch of the facade. 
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seemed a bit incongruous among its nondescript 
brownstone neighbors, for it was built at a time 
when New York was a sea of almost identical 
brownstone fronts, a circumstance which gave 
rise to the then current comment that to have 
seen one New York house was to have seen them 
all. Now, however, mellowed by age, the house 
blends agreeably with its more recently built 
neighbors. 

The decade in which it was erected was one of 
tremendous building activity on the part of 
wealthy merchants, manufacturers, and bankers, 
such as Andrew Carnegie, William Payne 
Whitney, the Astors, O. H. Havemeyer, Edward 
S. Harkness, F. W. Woolworth, and many others, 
all of whom built palatial residences. Occasionally 
the result was ‘‘a noble monument to the deriva- 
tive genius of some American architect trained in 
Europe and given freedom to create.’ 

The late Mr. Martin Erdmann, a partner in 
the recently dissolved Speyer Corporation, inter- 
national investment bankers, a bachelor, and a 
collector of English mezzotints, engaged the 
architectural firm of Taylor and Levi in 1908 to 
build a home for himself and his valuable art 
collection.* He had purchased two plots of ground 
on East 55 Street each having a frontage of six- 
teen and one-half feet and occupied by a four- 
storey brownstone house which was torn down to 
make room for the new structure. The location 
was in a fine residential section which had been 
guaranteed a dignified development by the 
inclusion of restrictive clauses in all the property 
deeds, forbidding the establishing of such nui- 
sances as livery stables, breweries, tanneries, 
forge or blacksmith shops, glue factories, ink or 
vitriol manufactories, and others of equally 
noisome character. These restrictions still remain 
in the deed acquired by the American Institute of 
Physics, but ought not to hamper the work of the 
Institute. 

The floor plan of the house was conditioned by 


’ the needs of a bachelor client rather than by the 


needs of a family and hence it differed somewhat 
from the conventional residence. After the plan 


’ Charles A. Beard and Mary R. Beard, Rise of American 
Civilization (Macmillan Co., New York, 1930), vol. II, p. 
385. 

4 Nineteen of the mezzotints from the Erdmann Collec- 
tion were acquired by the British Museum in 1937. See 
A. M. Hind, British Museum Quarterly 12, 99 (1938). 
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Floor plans which were followed in building the Martin Erdmann Residence. 


had been approved, the architects made sketches 
for the facade in several styles including the 
Georgian, the Colonial, the Elizabethan, and the 
English Renaissance. The client chose the English 
Renaissance and the work of designing the 
interior in that style was begun. The architects 
were commissioned to design everything which 
was to go into the house including not only the 
panelling, the designs for the carving of the 
balustrades, moldings, cornices, doors and door- 
frames, the chandeliers, and iron work, but also 
the interior furnishings and draperies. As Mr. 
Levi, one of the architects, puts it, “We designed 
everything but the mezzotints and the oriental 
rugs.’’ Three years passed from the time of the 
drawing of the first sketch to the completion of 
the furnishing.® All together, the sketches, de- 


> As a matter of record, a complete list of the builders is 
given here. The General Contractor was Mark Ejidlitz and 
Son, well-known in New York as builder of fine houses. The 
following special contractors were employed: Heating, 
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signs, and working drawings filled eighty-five 
bulging portfolios. Everything in the house is 
real and genuine; neither Mr. Erdmann nor the 
architects would tolerate any shams or imitations. 

The house is spacious, well built, and well pre- 
served. It contains a wealth of beautiful archi- 
tectural detail worthy of study, from the vaulted 
ceiling of its dignified marble entrance hall to the 
minutest detail of wood carving in the wall panels 
or in the magnificent railing leading from the 
second to the third floors. The decoration is never 


Johnson and Morris; Plumbing, James F. Gross & Com- 
pany; Electric Installation, Western Electric Company; 
Elevator, Otis Elevator Company; Limestone for facade, 
from B. A. and G. M. Williams; Marble work, Traitel 
Marble Company; Leaded Glass, Harry Knox Smith; 
Lighting Fixtures (fixtures were executed from the archi- 
tect’s drawings), Sterling Bronze Company; Plaster 
(plaster forms made from molded designs created by the 
architects), Klee Thompson; Hardware, Russell and Irwin, 
Fritaine Cie., Paris, Krassner, Boston; Metal Sash, im- 
ported by Wragge from F. Draper in England; Cabinet 
work, A. J. Crawford; Floors, G. W. Koch and Sgn; Tile, 
William H. Jackson. 
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Entrance Hall as furnished when used as a residence. (Photo by M. E. Hewitt.) 


JOURNAL OF APPLIED PHYSICS 














Architect’s water color rendering of preliminary design of Entrance Hall. 


“fussy,” overdone, nor effeminate. With a pre- 
ponderance of oak panelling of simple design, and 
with restraint in the use of decorative pattern, 
the house is truly masculine in character. It gives 
promise of enduring a long time with a minimum 
of attention. 

Two farsighted provisions of the original owner 
will benefit the American Institute of Physics. 
One is the care which was taken to make the 
building completely fireproof. According to the 
architects, it is ‘“‘the most fireproof residence in 
Manhattan” and incidently gave the banker- 
client the lowest possible fire insurance rate. The 
other was the provision not only of a complete 
furnace system but also all the necessary arrange- 
ments for the utilization of steam heat supplied 
by the New York Steam Company. The latter 
provision, which was not at all usual at the time 
the house was built, will eliminate the handling of 
fuel and ashes on the premises. 

Asmall modification in the external appearance 
of the house has taken place since its original 
construction. When the streets and lots were laid 
out in midtown Manhattan, each plot was 
marked with a building line, an area line (pro- 
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viding for light and an approach to the basement), 
and a stoop line. One was permitted to build to 
the area line and stoop line but had no legal title 
to this strip of land beyond the building line. The 
widening of East 55 Street in 1922 necessitated 
the removal of a stone railing originally enclosing 
the area way at the front of the Erdmann resi- 
dence and the rebuilding of the projecting front 
stoop to make room for a sidewalk extending to 
the walls of the house. Grilles were put in the 
sidewalk to allow light to shine into the basement 
windows. 

After Mr. Erdmann’s death, his estate, in 1937, 
sold the house to Mr. Frederick Brown,® a promi- 
nent New York real estate broker, who bought it 
as an investment and who held it until the 
American Institute of Physics purchased it in 
August, 1943. Mr. Paul S. Dixon, broker of the 
Equity Conservation Corporation, located the 
house along with three or four others, none of 
which proved to be as suitable to the Institute's 
needs. 

6 Mr. Brown has very kindly loaned to the Institute 
several fine photographs of the house as it was when 


occupied by Mr. Erdmann. Five of these are included in 
this article. 
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The library of Martin Erdmann. Furnishings and art objects were sold by the Estate 
at Mr. Erdmann’s death. (Photo by M. E. Hewitt.) 
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Stairway leading to second floor. (Photo by M. E. Hewitt.) 


The new home of the American Institute of 
Physics is situated in what is known to real estate 
brokers as a protected area. All around it are de- 
velopments which preclude the possibility of the 
neighborhood’s becoming a blighted area for 
some time. Close by are Rockefeller Center, Fifth 
Avenue, Grand Central Station, Park Avenue, 
and Central Park, all guarantees of high land 
values in that section. All’ these developments 
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have risen within the past one hundred years. 
Fifth Avenue which a century ago was called 
Middle Road above Forty-Second Street, has 
changed from country land, to fashionable 
residential street, to fashionable business avenue. 
Park Avenue which covers a double-deck rail- 
road yard to a point near Fifty-Ninth Street 
did not become synonymous with luxury until 
after the first World War, when it was dis- 
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Staircase leading from second to third floors. (Photo by M. E. Hewitt.) 


JOURNAL OF APPLIED PHYSICS 

















Typical third floor room which the late Mr. Erdmann used as a study. (Photo by M. E. Hewitt.) 


covered that tall apartment buildings could be 
made free from vibration of railroads by anchor- 
ing them to the rocks far below the tracks. 
Rockefeller Center, begun in 1930 as an example 
of urban planning for the future, necessitated 
the tearing down of two hundred-odd buildings 
on its site. Grand Central Terminal was opened 
in 1871 in its present location, and Central Park 
has lent prestige to the north-central section of 
Manhattan since its construction in 1857. The 
house at 57 East 55th Street located close to the 
center of this favored area benefits by the 
proximity of these great investments. That sec- 
tion of Manhattan has been described as ‘‘a 
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quarter of old mansions, air-conditioned apart- 
ments, exclusive clubs, luxurious hotels, fabulous 
penthouses; of great churches and museums; 
of art galleries, antique shops and specialty 
stores; of high priced cafes, cocktail lounges, 
night clubs.’’? 

As the national headquarters for American 
Physicists, the former Erdmann Residence, after 
having been vacant for seven years, assumes a 
new and important role. With its distinguished 
past and promising future, it should remain an 
interesting and prominent landmark for many 
decades. 


7 Federal Writers Project, New York City Guide, page 233. 
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Frictional Phenomena. X V1 


By ANDREW GEMANT 
The Detroit Edison Company, Detroit, Michigan 


Chapter XVI. Technical Applications of 
External Friction of Solids 


Abstract 


HE following technical applications are 

dealt with in this chapter: (1) belt drives, 
(2) clutches, (3) brakes, (4) vibration dampers, 
such as the Lanchester damper, (5) self-excited 
vibrations, such as shaft whipping and sound 
production in a violin, and (6) grinding and 
crushing. In most cases a brief outline of the 
mechanism of operation is given, followed—in 
the first three of the above-mentioned applica- 
tions—by principles of design, chief types of con- 
struction, and necessary numerical data on 
friction coefficients. 


59. Belt Drives 


In the application involving the belt drive as 
in the other cases of application that follow, the 
mechanical principles concerned will be discussed 
only briefly, the main point being to show how 
solid friction is utilized in these appliances. 

The principle of a belt drive for power trans- 
mission is shown in the diagram, Fig. 150. The 


B 


Cc 


Fic. 150. Diagram of belt drive. 


” 


pulley A, called “driver pulley,” is driven by a 
motor, not shown in the figure. The pulley B, 
called ‘driven pulley,” is connected with a 
machine (not shown) to be driven by the motor. 
The connection between the two pulleys is 
established by means of the belt C. 

When A rotates, the belt is carried along by 
means of friction forces active between the two 
surfaces. The belt originally has a certain tension 
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when at rest, which is the same at every point. 
However, because of the frictional force acting 
on the belt when moving, the tension on the 
lower portion of the belt will be greater than that 
on the upper portion, the difference between the 
two tensions being identical with the frictional 
force. Because of this difference in tension the 
lower portion of the belt will be tighter than the 
upper portion. The former—characterized by its 
movement toward the driver pulley—is called 
the tight side of the belt, the latter—charac- 
terized by movement away from the driver 
pulley—is called the slack side. 

The moving belt grips the driven pulley, again 
by means of friction active between them, and 
rotation of pulley B will be the result. 

The power input or output W is then given by 
the equation : 


(T,:—T>2)v 
Vy = —___— 


(171) 
33,000 


where 7,= tension on the tight side, 7.= tension 
on. the slack side, in lb.; hence (7,— 72) = total 
frictional force, and v=velocity of surface of 
pulley in ft./min. W is then given in hp. In case 
of slip between the belt and one of the pulleys v 
for the two pulleys will differ. According to 
whether v measures the velocity of the driver or 
of the driven pulley, W from Eq. (171) will give 
the input or the output powers. 

The power transmitted depends on two 
factors, v and (7,— 72). The first depends on the 
rotational speed and the diameter of the pulleys, 
both being limited by design considerations. 
High values of v are unwanted because the cen- 
trifugal force acting on the belt decreases its 
ability to transmit power by decreasing the 
normal pressure and, hence, the frictional force 
and because side-to-side riding and flapping of 
the belt result from high speeds. It follows that 
the frictional force has to be kept as large as is 


feasible. The maximum frictional force two 
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bodies can sustain without allowing slipping to 
take place—and slipping obviously limits the 
performance of the belt—is given by Eq. (167), 
the product of load times static friction coef- 
ficient. As the third section of the curve in Fig. 
147 shows, this is the maximum obtainable fric- 
tional force. In our particular case the normal 
pressure P is represented by the tension of the 
belt. 

The formula giving the maximum frictional 
force (T,—T:2) as a function of 7; can be found 
easily by means of Fig. 151. Here one of the 








Fic. 151. Forces acting on pulley. 


pulleys and part of the belt are shown diagram- 
matically. Consider an angle d@ of the circum- 
ference at the left side of which the belt-tension 
T has the direction shown. At the right side of 
the angle the tension (not shown in the figure) 
acts to the right. These two tensions differ by an 
amount d7, corresponding to the angle dé. The 
component of T in the radial direction, shown by 
P, is T sin (d6/2), or approximately 7d6/2, and 
the same amount is added from the other side 
of dé, making a total of 7dé@, and this is the 
normal load P acting upon the arc d@. The dif- 
ference in tension, corresponding to the arc dé, 
namely, dT, as mentioned above, originates from 
the frictional force over this portion of the sur- 
face. Substituting into Eq. (167), we obtain 


dT =yTdé (172) 


and integrating over the total angle of contact @ 
between belt and pulley, we obtain 


T; T.=e" (173) 


or: 
T1:—T:=T,(1—e-) (174) 


in which the frictional force (T1—T»2) is repre- 
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sented as a function of the maximum belt tension 
T,. Equation (174) is analogous to (167), the 
expression in the bracket standing instead of u. 

Returning to Eq. (171), expressing the power 
that can be transmitted by a belt-pulley system, 
it is now seen that this power depends on the 
tension of the belt 7, the friction coefficient y, 
and the angle of contact 8. 

As to the value of 7), it is limited by the tensile 
strength of the belt material. Best leather belts 
have a strength of 4000 lb. per sq. in. and a 
minimum strength of 3000. Using a safety factor 
of 10, the working stress of belts is considered to 
be 300 Ib. per sq. in. With b= width and t= thick- 
ness in inches of the belt 7, will be limited by 


T= 300 bt. (175) 


As to the angle of contact 6, its value changes 
with the ratio between diameters of the pulleys. 
If the two pulleys employed are different in size, 
which is usually the case, 6 for the smaller pulley 
is less than 180° and that for the larger pulley is 
greater. In this case, according to Eq. (174), the 
smaller pulley will limit the frictional force 
because, as soon as this limit is reached, slipping 
between the belt and the smaller pulley will take 
place, and the frictional force cannot increase 
further. In order to increase @ on the smaller 
pulley, a third, so-called idler pulley (Fig. 152) 








Fic. 152. Effect of idler on angle of contact. 


is often connected between the two others. It 
can be seen from the figure how the idler, which 
is kept in position either by an additional weight 
or a spring, increases the angle on the smaller 
pulley to a value of around 230°. The idler should 
always be located at the slack side of the belt. 

The value of the static friction coefficient is a 
further decisive factor that limits the power 
transmission: the higher the value of yu, the 
larger 7,—T7>2, and, from Eq. (171), the larger 
the value of W. Table X XI gives the value of u 
for various belt-pulley combinations. ! 
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TABLE XXI. Friction coefficient yu, for various belt-puliey 
combinations. 
Pulley 


Belt Com- 
| Steel, Steel, pressed 
greasy dry Wood paper Leather Rubber 





Leather (oak | 


tanned) 0.15 0.25 0.30 0.33 0.38 0.40 
Leather (chrome | 

tanned) | 0.22 0.35 040 0.45 0.48 0.50 
Canvas 0.12 0.20 0.23 0.25 0.27 0.30 
Cotton 0.12 0.22 0.25 0.28 0.27 0.30 


Rubber 0.30 0.32 0.35 040 0.42 
Balata 0.32 0.35 0.38 040 0.42 


It can be seen that leather and rubber, used 
both as belt and pulley-face materials, yield the 
highest coefficient, up to 0.50. Tanning with 
chromic acid yields better results than tanning 
with oak (chiefly digallic acid). Galloway? dis- 
cusses improvements obtainable by reversing 
leather belts so that hair side comes in contact 
with pulleys. Burger? compares properties and 
proper treatments of belts made of various ma- 
terials. Woven camel hair used as belt material 
also provides high friction coefficients. 

A widely used method of increasing the 
effective friction coefficient of belts is the use of 
so-called V belts, shown in diagram in Fig. 153. 
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Fic. 153. Diagram of V belt and groove. 


The belt A is pressed against the side walls of 
the groove B. It can be shown that the previous 
equations are valid if the effective coefficient yu, 
is substituted for u, uw, being: 


ue=p/sin a, (176) 


where 2a is the groove angle. Nishihara and co- 
workers‘ investigated the fatigue properties of 
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V belts. The dimensions of the grooves are 
standardized for various requirements. 

As can be seen from the figures given, the coef- 
ficient » does not allow a wide variation of the 
frictional force. In practice a more important 
factor is the width and thickness of the belt, as 
evidenced by Eq. (175). With increasing belt 
dimensions the pulley dimensions also must be 
increased ; otherwise the limited flexibility of the 
belt would cause a dangerous drop of the contact 
arigle 6. These considerations have led to stand- 
ardized belt and pulley dimensions which must 
be consulted in designing belt drives. 

Finally it should be added that, apart from 
the friction coefficient, the elastic modulus of the 
belt material also has to be considered. Even if 
conditions are such that no slippage of the belt 
over the pulley should take place, a small amount 
of slippage is unavoidable, owing to the elasticity 
of the belt material. This will result in a small 
difference in the velocities v of the driving and 
driven pulleys and, according to Eq. (171), the 
input power will be slightly higher than the 
output power. The efficiency of the transmission 
(ratio of output to input) is given by the formula 


1—(7,—T:)dtE (177) 


with E= Young’s modulus and b and ¢ the same 
as in Eq. (175). The loss in efficiency is of the 
order of 1 to 2 percent. Jagger and Sykes,® inves- 
tigating this point, found an efficiency less than 
that obtainable from (177). 


60. Clutches 


Clutches, used for coupling the shaft of a 
driving machine to that of a driven machine, are 
frequently built upon the friction principle, in 
automobiles, for instance. A brief description of 
this mechanism should further illustrate the 
technical usage of external friction. 

A disk clutch is shown diagrammatically in 
Fig. 154. A is the driving and B the driven shaft. 
A pair of friction disks C, made of suitable ma- 
terial, are mounted on the plate D, rigidly fixed 
to the driving shaft, and on the plate E, the 
latter being free to move along the driven shaft 
in opposition to the spring F. Normally, during 
driving, the clutch faces touch, owing to a 
certain pressure exerted by the spring, and during 
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Fic. 154. Diagram of plate friction clutch. 


disengagement the plate E is moved away from 
D by some mechanical device. 

If the total pressure exerted upon the clutch 
is P, then the frictional force acting in a tan- 
gential direction during rotation is uP, and the 
friction torque is 

T=pPr,,, (178) 


where 7m= Mean radius of the circular disk. 

The clutch is so designed that normally the 
two faces adhere to each other, without a relative 
motion taking place. In this case the friction 
force may assume any value up to the static 
friction value as a maximum. During the engage- 
ment period the resistance to motion of shaft B 
usually causes the clutch faces to slide against 
each other. This slippage, in its turn, causes py 
to decrease [see Section 58 (2) ] to a value less 
than the maximum. 

With respect to the three factors in Eq. (178), 
which determine the torque and hence the power 
to be transmitted, 7» will be limited by space 
considerations, » by the material chosen for the 
clutch face and its condition (whether dry or 
oily), and P by the spring pressure. The limiting 
factor in this latter value will be determined by 
the wearing properties of the face material in the 
following manner. 

In Section 59 (2) abrasion as an accompanying 
process in friction was considered. The chipping 
off of protuberances is part of the total work 
spent when two surfaces slide against each other. 
Without a detailed knowledge of the mechanism 
of abrasion (see also Section 64) it is customary 
to assume the rate of wear w as being propor- 
tional to the total frictional work: 


w=kyPv (179) 


(v=slipping velocity, k=constant). Wear will 
take place during the engagement periods which 
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are characterized by a finite slipping velocity 
and, in order to keep its value low, P also will 
have to be kept at a low value. 

Experience has shown the safe pressure values 
for the different clutch facings. Table XXIT! 


TABLE XXII. Friction coefficient and working pressure for 
clutch and brake-facing material. 











| Friction coefficient 
Material Pressure, |b. 
dry oily per sq. in. 
Steel on cast iron 0.30 0.10 40-60 
Leather on cast iron 0.50 0.15 10-12 
Cork on cast iron 0.35 0.30 1- 2 
Wood on cast iron 0.30 — 25-50 
Asbestos on asbestos | 0.40 0.25 30-60 








contains both friction coefficients and tolerable 
pressures for a number of facing materials. 

In the following paragraphs a few of the most 
frequent clutch types are summarized. 

In recent years the plate or disk clutch (Fig. 
154) is usually of the multiple-disk type, there 
being several pairs of friction surfaces, arranged 
somewhat similarly to opposite plates in elec- 
trical condensers. By this means the total torque 
is multiplied, although radius of clutch and 
pressure are not increased. 

The theory of the disk clutch is based on the 
plausible assumption that wear must be uniform 
over the whole area. If at any point of the area 
wear is less than elsewhere, the pressure at this 
point is automatically increased because of the 
protruding surface, and the wear becomes 
equalized. Since the velocity at any point is 
proportional to the radius, Eq. (179) will yield 


w= Rupvor, (180) 


with w=local wear rate, p=local unit pressure, 
vp = angular velocity. Should w be constant over 
the area, then p must satisfy the condition : 


p=K/r (181) 


with K =constant. This relation is automatically 
maintained owing to the condition of uniform 
wear. 

From (181) and integration over the whole 
area bounded by the outer radius 7» and the inner 
radius r; of the circular disk, one obtains 


P=2nrK(ro—r;). (182) 
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The total torque also can be obtained by an 
integration over the whole area with the result 


T= rpK (r.?—r1?). (183) 


If Eq. (178) is then used for design calculations, 
rm must be given the value 


'm=(ro+ri) ai (184) 


an equation that follows if (182) and (183) are 
substituted into (178). 


p 


a 


Fic. 155. Diagram of block clutch. 


A cone clutch is essentially similar to the plate 
clutch with the difference that the faces are 
conical instead of plane. It requires a smaller 
pressure to produce a given torque than the plate 
clutch. This is because the total normal pressure 
is 1/sin a times larger than the axial force P, if 
a is the angle between a cone element and the 
axis. Consequently one has instead of Eq. (178) 


T =pP,r,,/sin a. (185) 


A block clutch consists of one or several blocks 
that are pressed against the outer surface of a 
cylinder, the latter being coaxial with the shaft. 
Figure 155 shows in diagram one block pressed 
against the cylinder. An equation such as (178) 
is approximately valid for this case, too, if 7m is 
replaced by r, the radius of the cylinder. When 
the angle of contact, a, is large, the equation has 
to be modified, because the unit pressure is less 
near the edges of the block than near the center. 
The pressure distribution is calculated on the 
basis that wear in the direction of the applied 
force is uniform. This assumption is reasonable, 
since it implies tight fit of block and cylinder at 
all points. From this characteristic of the wear 
the pressure distribution is known, and by inte- 
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gration over the contact area both the total 
pressure P and the torque T are computed. The 
two equations then yield the relation : 
4uPr sin (a/2) 
f=———_—_—_. (186) 
a+sin a@ 


It can be seen that for small values of a the 
equation is reduced to the form of (178). 

In addition, the expanding ring clutch, in 
which a ring inside a hollow cylinder is forced by 
expansion against the inner wall of the cylinder, 
should be mentioned. The inner ring consists 
either of two separate sections or of a single 
piece, in which latter case its elastic resistance 
against stretching has to be considered for design 
purposes. The band clutch consists essentially of 
a flexible steel band that is pulled tight against 
the outer wall of a drum. In all these various 
designs the basic principle by means of which 
external friction is utilized for coupling two 
members of a machine is the same. 

For further details the reader is referred to the 
technical literature. Fundamental principles and 
various designs are dealt with by Rutledge.® 
Humphrey’ discusses industrial friction clutches 
and the care and maintenance of them. A paper 
by Stubbings*® deals with various clutch types 
and characteristics. 


61. Brakes 


As a third mechanical appliance utilizing ex- 
ternal friction, a brief discussion of brakes, in 
‘particular automobile brakes, will be given. 
Figure 156 is a diagram of the simplest type of 














P 
<— a b > 
_ 

pod -- 
Fe 





Fic. 156. Diagram of block brake. 


brake: the block brake. It has essentially the 
same mechanism as that of a block clutch but 
its purpose is different. While the clutch makes 
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part of a machine run by connecting this part to 
the generator, the brake makes a running part 
of the machine stop or slow down. A relative 
motion between the two surfaces of a brake takes 
place during the whole braking action, with the 
result that considerable heat is generated. The 
temperature resistance of the facing material is 
just as important in this case as are the friction 
coefficient and the wearing property. 

If the force Fo is applied to the brake rod, the 
normal pressure P is exerted between the block 
and the drum of the wheel. Thereby, because of 
the lever action : 


Fo=(b/(a+b))P. (187) 


The friction force then retards the rotation of 
the drum, the torque being given by the same 
equation (Eq. 186) as that which applies for 
clutches. 

One peculiar action, called self-application, 
and often encountered with certain types of 
brakes, can be seen from the diagram. The fric- 
tional force, as always, acts in a direction op- 
posing the relative speed; thus, with respect to 
the drum, toward the right, and, with respect to 
the block, toward the left. This force F produces 
a moment Fc about the fulcrum, acting in an 
anticlockwise direction. It can be seen that this 
moment increases the pressure P acting on the 
brake block, again increasing the moment, and 
so on. Hence the slightest pressure P will be 
increased automatically until the drum stops. In 
certain cases, as mentioned, use is made of such 
automatic action. Since the latter depends upon 
the magnitude of the brake arm c, the action can 
be eliminated by making the length of this arm 
zero. 

The torque produced by a brake will be pro- 
portional to u, the friction coefficient, and the 
unit pressure. The latter is limited by the allow- 
able wear. Design figures for brake facings can 
be taken from Table XXII as given in the 
previous section for clutches. Besides, Figs. 157 
and 158 (after Vallance) show the coefficient u 
for woven and molded facings as a function of 
sliding speed and pressure. There is a slight 
decrease with speed in keeping with what was 
said in Section 58 (2). Although u is usually found 
to be independent of the pressure [Section 58 
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Fic. 157. Coefficient of friction vs. sliding speed for brake- 
lining materials at 50 Ib. per sq. in. pressure; a=woven, 
b=molded material (after Vallance). 
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Fic. 158. Coefficient of friction vs. pressure for brake- 
lining materials at a speed of 630 ft. per min.; a=woven, 
b=molded material (after Vallance). 


(1) ], the data given here indicate a slow decrease 
with increasing pressure. 

A further essential design factor, as stated, is 
the temperature resistance of the facing. The 
heat generating rate is given by 


H=1.28X10-ySpv B.t.u./min., (188) 


if p is expressed in lb. per sq. in., S (area) in sq. 
in., and v in ft. per min. Obviously the effect of 
heat will have to be considered chiefly for those 
types of brakes that operate nearly continuously, 
as with mine hoists and the like. In cases of 
intermittent operation, as with automobiles, this 
point is of less importance. 

Since the product pv is decisive with regard to 
the heat generated, its value should not exceed 
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certain limits. This limit varies from 20,000 to 
80,000, increasing with decreasing frequency of 
operation and with increasing heat radiation. 

In machines of nearly continuous brake opera- 
tion the power W of the machine is transferred 
by the brake into heat. If g is the so-called load 
factor, being the ratio of the time of brake 
operation to the period of a cycle, then 


IT=42qW B.t.u./min., (189) 


if W is expressed in hp. This heat will raise the 
temperature of the facings, until the heat dis- 
sipated equals that of the heat generated. The 
heat dissipated JI’ is given by 


HH’ =ktS, (190) 


where k=radiation factor, ‘=temperature dif- 
ference in deg. F between the brake and sur- 
roundings, and S=total free surface in sq. in. 
The value of the constant k in Eq. (190) is 6 to 
9X 10-* B.t.u. per sq. in. per F per min. Equating 
(189) and (190), the surface required to keep the 
temperature below certain specified limits, which 
depends upon the heat resistance of the brake 
material, is obtained. This limit is 150°F for 
leather or wood, and 350°F for asbestos on cast 
iron. 

Among the different brake types, the block 
brake has already been discussed. A brief de- 
scription of two further types follows. 
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Fic. 159. Diagram of band brake. 


The band brake is shown in Fig. 159. It consists 
of a belt or metal band that is pulled tight around 
the drum by applying the force Fo. The tension 
of the band is different for the two sides, Eq. 
(173) applying for this case, too. Hence, with 
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rotation of the drum as shown, the left side has 
the smaller tension and the force Fo is given by 


Fy=(b/(a+b)) Te. 


In case the drum should rotate in the opposite 
direction, the larger of the two band tensions 
would have to be compensated by the applied 
external force. 

The band width required is given by the 
maximum safe working pressure Pmax (see Table 
XXII) of the facing material. In Section 59 it 
was shown that the radial pressure acting upon 
the angle dé of the circumference is 


P=T dé 


as applied to the high tension side of the band. 
Writing dl/r (are by radius) for d@ and pmax-dl-b 
for P (6=width), one obtains: 


b= T, ’Pmax: 


The internal shoe brake as used in automobiles 
is sketched in Fig. 160. The external force Fy 





Fic. 160. Diagram of internal shoe brake. 


acting upon the shoe presses the latter against 
the inner surface of the drum. The pressure P of 
the drum acting on the shoe is shown at the 
point A of the latter. The friction force acting 
on the shoe at the same point is shown as F. The 
three corresponding moments acting on the 
anchor pin of the shoe should be denoted by Mo, 
M,, and M;. The figure will show that M, acts 
in the same direction as Mo, while /, acts in the 
opposite direction. Thus 


Mo+M,= Mp. (192) 


Since the friction moment helps to lock the shoe, 
the construction is called self-energizing. In case 
M; becomes equal to or larger than M,, the 
external force becomes unnecessary for locking 


JOURNAL OF APPLIED PHYSICS 























and the brake will be self-locking. This action is 
obviously not wanted for automobiles, and this 
implies that the ratio M,;/M, must be kept below 
unity. The ratio depends on the value of the 
friction coefficient (Table XXII), on the distance 
a of anchor pin and drum center, and on the angle 
of contact 6. It is given by (u/2a) times a certain 
function of r ard @. These four quantities have 
to be designed in such a manner as to make the 
ratio M;/M, not larger than 0.7. 

Concerning the technical literature on brakes, 
a paper by Taylor and Holt® on an automatic 
machine for measuring friction coefficients and 
wear of lining material should be mentioned. A 
brake-testing laboratory for automobile and in- 
dustrial friction material is described by Hum- 
phreys ;” properties, performance, and testing of 
brake-drum material are dealt with by Smalley.” 


62. Vibration Dampers 


In Section 52 the damping of crank-shaft 
vibrations by means of internal friction was dis- 
cussed. It was mentioned, however, that this 
contribution to damping is generally not large 
and that artificial devices, based on external 
friction, are frequently used. Here we illustrate 
this principle briefly by explaining the mecha- 
nism of the so-called Lanchester damper which is 
used to reduce the amplitude of torsional shaft 
vibrations. 

Figure 161 shows a diagram of this device. A 
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Fic. 161. Diagram of Lanchester damper. 





is the shaft upon which is mounted rigidly the 
hub B, having brake linings C as shown. Two 
disks D are arranged so as to rotate freely by 
means of bearings not shown. The damper is 
attached to a part of the shaft that has a large 
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torsional amplitude. With the aid of screws like 
E the pressure between the brake lining of the 
hub and the disks can be adjusted. 

Concerning the constant rotation of the shaft, 
the disks will follow by means of the frictional 
torque, and any vibrational motion will simply 
be superimposed upon the steady motion of the 
disks. 

It can be seen that there must be a medium 
range of frictional force (hence pressure between 
hub and disk) at which dissipation will be a 
maximum. For too small forces the slip between 
disk and hub during vibrations is considerable, 
but the frictional work is little. For too large 
forces the slip will be small; hence the frictional 
work again is little. It is obvious that some 
medium value for the slip is required for effective 
damping action. If the amplitude of the shaft 
(and the hub) is 8, and that of the disk 6,, and 
if we have the relation 


Ba= kB, 


then a medium value (around 0.5) for k will give 
the best results. The amplitude of the relative 
motion is (1—k) 8. 

In order to bring about an amplitude 6, of 
the disk, a friction torque M=TId*B,/dt* is 
required, if J=inertia of the disks. If the motion 
is approximately sinusoidal, the second differen- 
tial quotient is given by w*8a(w=27 times fre- 
quency), hence 


(193) 


M= Ikw’8,,. (194) 


The work dissipated per cycle is 4M(8,—8.), or 
W=4M(1—k)£i, (195) 


an equation characteristic for dry friction in 
which the force (or torque) is approximately 
constant during the whole vibration. It was 
shown in Section 58 (2) that for not too high 
velocities the friction force is constant. Accord- 
ingly the work done during each quarter of a 
cycle is M(1—k),, and four times this amount 
is the heat dissipated per cycle. Combining (194) 
with (195) one obtains: 

W =4k(1—k) Iw?8,?. (196) 


As has already been mentioned the numerical 
factor in Eq. (194) that gives the torque required 
for optimum dissipation is about 0.5. A more 
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rigorous computation" shows the correct factor 
to be 0.45. Similarly the numerical factor in (196) 
is 4k(1—k), or approximately 1.0. Again the 
more rigorous value of this factor is 1.27. 

In other types of dampers liquid viscosity 
instead of external solid friction is utilized ; such 
a type is described, for instance, by Wente and 
Mueller." 


63. Self-Excited Vibrations 


In this section two cases of self-excited vibra- 
tions, as caused by external friction, will be 
described. 

In Section 53 it was briefly explained how self- 
excitation takes place. An example, the whirl 
of rotating shafts as caused by internal friction, 
was discussed in some detail. Here an analogous 
case, so-called shaft whipping, due to external 
friction will be described. Here, as there, fric- 
tional forces act just like external forces, main- 
taining a vibrational motion. Because of the 
great simplicity of this case, it is particularly 
instructive. 

Figure 162 shows the cross section of a shaft 


F 


Fic. 162. Diagram of shaft whipping. 


rotating anticlockwise in a loose bearing. If, for 
any reason, the shaft is thrown toward one side 
(here to the top), a frictional force F originates, 
acting to the right upon the shaft circumference. 
The effect of this force can be best seen by adding 
two opposite forces, both of magnitude F, acting 
on the center of the shaft. Forces F and F, form 
a couple that will retard the rotation of the shaft. 
Thus, this component of the friction force acts 
in the usual damping manner upon the original 
motion. The other component, F2, however, will 
throw the shaft to the right along the bearing. 
Since the relation of shaft to bearing will remain 
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essentially the same as the shaft is thrown to the 
right, the force F, its direction rotating, will 
whirl the shaft all along the wall in a clockwise 
direction. Hence, this component of the friction 
force acts as the driving force for a whipping 
motion. The power of maintaining it comes, of 
course, from the rotating motion of the shaft 
that has to be kept up by an external couple. 

Such whipping might lead to trouble in prac- 
tical cases. It is also observed on thrust bearings, 
resulting in a whirl of the collar. Flexible bearing 
supports that tend to prevent non-uniform 
pressures acting on the bearing, in spite of an 
angular deviation of the shaft, will prevent a 
whirl in this case. 

The other case to be mentioned in this section 
is the setting up of vibrations by means of a 
unidirectional motion ; the effect of the bow upon 
the violin string is a typical example. The fun- 
damental process underlying the effect in ques- 
tion was discussed in detail in Section 59 (1), 
describing the stick-slip process. There is only 
little difference between the two cases. In 
Bowden's experiment the elastically supported 
body had a high natural frequency and was 
strongly damped. Each time a slip occurred, 
natural vibrations of a high frequency were 
introduced (visible in some of his oscillograms), 
which decayed rapidly while the next “stick” 
phase started. 

The same process, however, with two factors 
changed, might lead to self-excited vibrations of 
constant amplitude. First the damping of the 
elastic body has to be low. Second the velocity 
of the continuous motion must be of the same 
order of magnitude as that of the oscillations of 
the vibrating body. If the velocity of the con- 
tinuous motion is much smaller, as in Bowden’s 
experiment, the relative speed between the two 
bodies is high, the frictional force is low, and no 
sticking takes place, until the natural vibrations 
have practically died out. 

If, on the other hand, the two velocities are 
commensurate, then, as soon as the vibrating 
body moves in the same direction as the con- 
tinuously moving body, the relative speed will 
be low, the friction force large, and sticking will 
take place. The stick-slip process as seen in Fig. 
148, for instance, will then occur in the frequency 
of the natural vibrations of the elastic body. 
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The necessity of the two velocities being com- 
mensurate can also be deduced in the following 
manner with special reference to the violin. If ¢ 
is the period of the stick-slip process, a the am- 
plitude of the string, and w the velocity of the 
bow, then 


a=tvp. 


If this process should merge with the oscillations 
of the string with frequency v, then ¢ must be of 
the order of 1/v, thus: 


adv~vp. 


But av is of the order of v,, the vibrational veloc- 
ity of the string, hence 


(197) 


Vibrations known as chatter, such as that of 
the cutting tool of a lathe, are caused by a 
similar mechanism, also noises like the squeaking 
of doors. Liquid lubrication will eliminate these 
noises, replacing external friction by viscous 

s that do not have a negative characteristic. 
The positive and the negative work done on the 
vibrating body during the two opposite phases 
of motion are then equal in magnitude; hence the 
total work done is zero and no vibration can 
build up. 


force 


64. Grinding and Crushing 


In Section 59 (2) mention was made of wear 
that accompanies friction. This is an exception 
to the general rule that work against friction is 
used up as heat, because part of the work in this 
case is spent in the chipping off of particles or, 
what amounts to the same thing, into surface 
energy. There are chiefly two industrial applica- 
tions that make use of such a process. One is the 
grinding of metals by means of abrasive cutting 
tools, and the other is the crushing of materials 
into smaller particles by means of rolls or balls. 

Grinding consists of shaping an object (in 
technical language the “‘work’’) by means of 
abrasion of its surface in a controlled manner. 
The most usual tool is the grinding wheel the 
active surface of which is covered with finely 
graded abrasive grains, held together by a bond. 
This wheel is rotated against the object, a 
certain pressure acting between the two. Apart 
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from a frictional force between the surfaces, the 
grains, which have sharp cutting edges, plough 
into the object to a small depth and cut out thin 
threadlike chips off the surface. This operation 
is carried out until the surface of the “‘work”’ 
attains the required shape. While the process is 
most important in the manufacture of metal 
objects, it is also extensively used with plastics." 

The abrasive grains used are brittle materials 
(high plastic flow resistance), having high me- 
chanical strength and refractoriness. The ma- 
terials most frequently used are feldspar, quartz, 
topaz, sapphire, and diamond." All these have 
a large Young’s modulus and large hardness 
numbers, 6 or more on Mohs’ scale. Owing to the 
appreciable frictional forces the heat developed 
is considerable, so that the material may become 
red hot. These high temperatures are avoided by 
using copious amounts of coolants, either water 
or kerosene, yet it is essential that the abrasive 
used should be highly temperature-resistant. The 
bonding material is either of the silicate type or 
a plastic, rubber, or shellac. The bond must be 
sufficiently strong to hold the grains in position 
against the forces tending to dislodge them. 

A complete theory that would allow the 
amount of work spent in producing the chips to 
be computed does not yet exist. Because of the 
importance of the problem, a few remarks 
indicating the way in which such a computation 
might be made will follow. 

Figure 163 shows the mechanism of chip forma- 





Fic. 163. Diagram of grinding of metal. 


tion.'® The grains have sharp cutting edges, often 
of triangular cross section, particularly if their 
orientation was promoted by electrification 
during the manufacture of the abrAsive layer. 
Let us assume that the separation of neighboring 
grains is @ cm, giving 1/a? as the number of 
grains per cm?. 
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Although the grinding surface is usually cylin- 
drical, and the object is too, in many cases, they 
can be represented diagrammatically as shown in 
the figure, where the lower portion W is the 
wheel with three neighboring grains having a 
separation a. The wheel rotates to the right with 
a tangential velocity v; and at the same time the 
object O moves relative to the wheel with a 
velocity v2. This velocity is in a direction nearly 
parallel to v,, differing from it by a small angle a. 
The object then has a velocity component 
towards the wheel of magnitude v2 sin a. Because 
of this component each grain cuts into the 
surface of the object as shown by the slanting 
lines. Grain A will arrive at the point originally 
occupied by grain B after a time approximately 
a/v,, valid for the usual case v)>v2, and during 
this time the displacement of the object normal 
to the surface is 


d= (av2/v;) sin a. (198) 


This distance is the cutting depth of the grains. 
It is plausible to assume that the chips will be 
threads of thickness of the order d. Micro- 
photographs verify the threadlike shape of the 
chips. 

The theory should proceed from here on, and 
lead to the computation of the force opposing the 
chipping off of particles. If the process of chip 
formation were an abrupt one, like failure under 
shearing or tensile stresses, then one might com- 
pute that force on the basis of the shearing 
strength and the known or assumed geometry of 
chips. Unfortunately this assumption is far from 
the reality. Chip formation is a process in which 
plastic flow plays an essential role, making a 
calculation as just suggested rather illusory. 
Several authors have set up various theories,'® 
assuming, for instance, that the force each grain 
has to overcome is proportional to d? or d, but 
none of these can be considered as satisfactory. 

The second application under consideration 
offers better possibilities for analysis. This is the 
crushing or pulverizing of materials. While in the 
previous procedure the cutting effect of abrasive 
was utilized, it is by applying pressure and con- 
secutive compression that a subdivision of the 
material is accomplished in the present case. 
Here again, both frictional forces have to be 
overcome and free surface energies are produced. 
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This latter process is effected by rupture under 
shearing conditions, so our analysis of the two 
forces in question is relatively simple. 

Failure through shear occurs under a so-called 
angle of rupture, @ (Fig. 164), as shown on a 
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Fic. 164. Diagram of angle of rupture in crushing. 


specimen of unit cross section under compres- 
sion.” It is assumed that the pressure is S., the 
so-called crushing strength. Its component in the 
plane of gliding, which forms the angle @ with 
the horizontal, is S,. sin 6. This force must over- 
come both the shearing strength and the static 
frictional force. Let the shearing strength of the 
material be S,; then the total strength over the 
plane of rupture is S,/cos 6. The normal force on 
the plane is S. cos @ and the frictional force is 
uS. cos 6. Hence 


S, sin @=S,/cos 6+4u5S, cos 6. (199) 


Since S, and yu are constants of the material, the 
relation shows the crushing strength as a func- 
ticn of 6. Obviously rupture will take place 
under an angle that corresponds to the smallest 
crushing force. Forming the differential quotient 
dS./d@ and equating to zero, an equation for @ is 
obtained. The result is 


6=0.5 cot—! (—yz). (200) 


With a negligible frictional coefficient @ becomes 
45°, the angle increasing with increasing uy. 
Equation (200) was proved experimentally on 
a number of materials. For limestone, for in- 
stance, u is 0.66 and the angle of rupture, com- 
puted from (200), is 61.7°. The observed angle of 
rupture is 62.2°. The assumption underlying Eq. 
(199), namely, that the two force components 
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act simultaneously, is somewhat hypothetical ; 
the validity of Eq. (200) depends upon the cor- 
rectness of this hypothesis. 

The ratio of the frictional force to the force 
opposing rupture is, from Eq. (199) and (200), 


u(1/(1+4*))}, (201) 


indicating that the two forces are of the same 
order. In order to crush a material, the pressures 
must be of the same magnitude as the shearing 
forces, hence the frictional force is also of the 
same order as the shearing strength. 

A different answer is obtained, however, if one 
asks for the energy expenditure for producing the 
new surfaces (overcoming the shearing strength) 
and for the production of frictional heat. The 
forces are equal, but the paths along which they 
are acting are very different. When the material 
fails, the shearing strength acts along molecular 
distances only. After the material is disrupted, 
the shearing force is used only for acceleration 
of the parts, the acquired kinetic energy being 
ultimately transformed into heat. The kinetic 
friction force, on the other hand, even if numer- 
ically less than the static, acts along the macro- 


scopic path of gliding and produces heat during 
this process. 

The correctness of this view is to be seen by 
looking into the numerical values of crushing 
strength. Take an average value such as 40,000 
lb. per sq. in., or around 3.0 X10°® dynes per cm?. 
Acting along the molecular distance of, say, 5A, 
a work of 150 ergs is expended, and this figure is 
of the order of the surface energy per cm? of 
solids. 

In writing down the energy balance for this 
case, therefore, it is found that only a small 
fraction of the work is actually used for a sub- 
division of the material, the largest part of the 
work being transformed into heat. 

In closing this chapter, a recent application of 
external friction toward increasing the damping 
and eliminating chatter of electric relays should 
be mentioned, an idea exploited by the Westing- 
house Electric Company. Parts are made hollow 
and partly filled with powder that will move 
about much in the same manner as the balls in 
a grinding mill. This mechanism has a damping 
effect, similar to that caused by internal friction 
of parts. 
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A Bibliography of Electron Microscopy 


COMPILED BY 


CLAIRE MARTON, Division of Electron Optics, Stanford University, Stanford University, California 


AND 


SAMUEL SASS, In Charge of Physics and Astronomy Libraries, University of Michigan, 
Ann Arbor, Michigan 


HE first ten years of the development of 

electron microscopy being over, it seems 
worth while to look back and assemble the pub- 
lications in this particular field. In every new 
field which is growing rapidly, there is very keen 
competition not only among different countries 
but often among laboratories located in the same 
country. As a consequence, it often happens that 
accounts of the development become decidedly 
one-sided, forgetting completely to mention 
what other groups or individuals accomplished 
in the same field. 

This bibliography is an attempt to present the 
field as completely and impartially as possible. 
Due to wartime conditions, the desired com- 
pleteness may not have been achieved and we 
invite, therefore, the users of this bibliography 
to notify us of any omissions. The bibliography 
contains only those papers which were published 
in scientific periodicals; semi-scientific and 
popular accounts have been omitted. Of papers 
dealing with general electron optics only those 
are included which have a direct bearing on 
electron microscopy. 

The material is arranged in eight categories: 
. Books 
. Emission Microscopy 
. Transmission Type Microscope 
. Optics of the Transmission Type Electron Microscope 
. Image Defects 
. Electron Speeds Above 100 kv 
. Different Related Instruments 


uae wre 


on a 


. Applications of the Transmission Type Microscope 


Within each group the arrangement is chrono- 
logical and within each year alphabetical by 
author and title. Titles of articles which appeared 
in languages other than English have been 
translated. The abbreviations of the names of 
journals are those used in Science Abstracts, 
Chemical Abstracts, and Index Medicus. 
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Addendum: Since the closing date of this bibliography a 
number of publications appeared in this country and quite 
a number of papers published abroad, principally in Ger- 
many, came to our knowledge. Our intention is to bring 
the bibliography up to date by publishing an addition some 
time later. 
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Here and There 








The Physical Society: Charles Chree Medal and Prize 


The Charles Chree Medal and Prize are provided by the 
income from a fund given to the Physical Society in 1939 
by Miss Jessie S. Chree of Edinburgh in memory of her 
brother Dr. Charles Chree, a former President of the 
Society and Superintendent of the Kew Magnetic Observa- 
tory. The prize and medal are awarded biennially in recog- 
nition of distinguished research in terrestrial magnetism, 
atmospheric electricity, or cognate subjects, in which Dr. 
Chree was especially interested. The Council of the Society 
made the first award to Professor Sydney Chapman in 
1941 for his work in the first of these fields. The Medal and 
Prize for 1943 are awarded to Professor (now Brigadier) 
Basil F. J. Schonland, F.R.S., Director of the Bernard 
Price Institute of Geophysics, Johannesburg, in recognition 
of his valuable researches in the second field. 

Schonland’s work on atmospheric electricity has been 
primarily concerned with thunderstorm phenomena: first 
his investigations of the “‘polarity’’ of thunderclouds in 
South Africa, and his measurement of the discharge from 
a small tree, which clearly established the importance of 
point discharges in maintaining the earth's negative charge; 
secondly, his use of a rotating-lens camera of the Boys type 
in a spectacularly successful series of systematic experi- 
ments which elucidated the rather complicated succession 
of discharges forming what is known as a “‘stroke”’ of light- 
ning; and thirdly, his work on the nature of atmospherics 
and the part played by the ionosphere in determining their 
structure. 

The presentation was made at a meeting of the Society 
at the Royal Institution on Friday, July 16, when Brigadier 
Schonland delivered the Second Charles Chree Address, 
taking as his subject “Thunderstorms and their Electrical 
Effects.” 


* 


International Series in Pure and Applied Physics 


The McGraw-Hill Book Company announces a change 
in title and an enlargement in the scope of its International 
Series in Physics. Because of the rapid advances in the 
field of applied physics, the International Series will hence- 
forth be known as the International Series in Pure and 
Applied Physics. An active effort will be made to include 
in the series in the future important volumes in the growing 
field of applied physics and, in addition, will continue to 
include distinguished contributions in the field of pure 
physics. 

The International Series began in 1929 with the late 
Professor F. K. Richtmyer as Consulting Editor. Through- 
out its entire history it has published many volumes which 
have been outstanding contributions to the applied physics 
field. The importance of the applications of physics has 
grown greatly during recent years, a trend which has been 
accelerated by the war. Thus, new developments in the 
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field of electricity, radio, acoustics, thermodynamics, bio- 
physics, and other fields have emphasized again the great 
contributions which developments in physics have made 
and will continue to make to modern life. It is, therefore, 
necessary to recognize the growing importance of these 
applications more specifically, but at the same time to 
recognize that there is no sharp dividing line between pure 
and applied physics. Both of these objectives will be 
accomplished by incorporating volumes in both pure and 
applied physics in the International Series through the 
present enlargement in the scope of this series. 

Dr. L. A. DuBridge will remain as Consulting Editor of 
this series, and associated with him will be an advisory 
editorial committee, which will assist in the selection and 
review of manuscripts for the series. The membership of 
this advisory committee may be enlarged from time to 
time, but the initial members will be Dr. E. U. Condon, 
Associate Director, Research Laboratories, Westinghouse 
Electric and Manufacturing Company; Dean George R. 
Harrison, Massachusetts Institute of Technology; Pro- 
fessor Elmer Hutchisson, University of Pittsburgh; and 
Dr. K. K. Darrow, Bell Telephone Laboratories. 


* 


Honors and Awards 


Dr. George D. Birkhoff, Perkins Professor of Mathe- 
matics at Harvard University, has been elected an honorary 
fellow of the Royal Society of Edinburgh. 


Frank H. Shaw, President of the Shaw Insulator Com- 
pany of Irvington, New Jersey, received the John Wesley 
Hyatt Award, a gold medal and $1000 for distinguished 
achievement in plastics during 1942 in recognition of his 
invention and development of transfer moulded plastics. 
The presentation was made on June 17th at a dinner in the 
Waldorf-Astoria, New York, by Dr. Per K. Frolich, Presi- 
dent of the American Chemical Society and a member of 
the award committee. The award was established in 1941 
by the Hercules Powder Company. 


The Society of Chemical Industry has awarded the 
Chemical Industry Medal for 1943 to Dr. John J. Grebe, 
Director of the Physical Research Laboratory at the Dow 
Chemical Company, Midland, Michigan. The presentation 
will be made next November. 


* 


News Notes 


The appointment of Ralph J. Cordiner as Assistant to 
the President of the General Electric Company has been 
announced by Gerard Swope, President. 


Dr. John G. Albright, of Case School of Applied Science, 
has been appointed head of the Physics Department at the 
Rhode Island State College, Kingston, Rhode Island. 
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Innovations in Instruments 








High Speed Electronic Light Equipment 


Photographs with an exposure of but one millionth of a 
second, brief enough to stop a rifle bullet or any fast moving 
object, can now be made by a new high speed electronic 
light equipment developed by engineers in General Elec- 
tric’s laboratory. 

This device, using a small mercury lamp no bigger than 
a cigarette, consists of a small portable box, 10 inches 
square and weighing less than 20 pounds. On the front is 
the light source, resembling a small auto headlight, which 
can be operated manually by means of a push button, or 
automatically by electrical contacts or a photo-tube and 
preamplifier. It will illuminate 20 square feet of area with 
sufficient intensity to photo the fastest moving objects, 
in fact in tests has ‘‘stopped”’ a wheel revolving at 70,000 
revolutions per minute. 

Fastest camera shutters of the usual type, with blades 
moving between the lens elements, ordinarily operate at a 
minimum of 1/300 second. Focal plane shutters, con- 
sisting of slits in a curtain moving immediately in front 
of the film, cut this down to 1/1200 second. Recently 
published high speed photographs of athletes have been 
made with a lamp giving exposures of 1/30,000 second, but 
1/33 as fast as the new G-E unit. 

The new device uses standard and easily replaceable 
electrical parts and a single electronic tube, with a 100-watt 
Mazda mercury lamp as the light source. Such a lamp is 
now used as a high intensity light for illuminating airports, 
television and motion picture studies, and for other pur- 
poses. Its brightness in such installations is one-fifth of 
that of the sun’s surface. 

The ordinary 115-volt a.c. household lighting circuit is 
used to operate the unit. The current is rectified by an 
electronic tube and then used to charge a capacitor, really 
an electrical storage tank. In three seconds enough power 
is accumulated to operate the lamp at full flash intensity. 


Ohmite Tandem Rheostat Assemblies 


The tandem unit (illustrated) consists of eight Ohmite 
Model U, 1000-watt, 12-inch diameter rheostats mounted 
in a sturdy steel frame. It is controlled by a single hand 
wheel and is one of the largest units of this type ever 
assembled. Although this unit utilizes eight of the largest 
size rheostats, there are many other tandem assemblies 
that can be made up of two, three, or more rheostats 
ranging in power rating from 25 watts to 1000 watts and 
in diameter from 1,% inches to 12 inches. Rheostats in 
tandem are insulated from each other so that they may be 
used for simultaneous control of several circuits of phases 
of a circuit by means of one knob. 

Two rheostats can be separately controlled by means of 
concentrically located knobs. This may be done to con- 
serve panel space or where it may be desired to use one 
rheostat as a vernier for another. In this type of unit two 
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rheostats are mounted in tandem with the shaft of the 
rear. unit extending through the hollow shaft of the front 
unit. For increased capacity, the front or back units can 
consist of several rheostats connected together. Tandem 
rheostats are also available in taper winding and the same 
range of resistance values as individual units. 





New Instrument Booklets 








Photovolt Corporation at 95 Madison Avenue, New 
York 16, New York, has published a booklet on their 
Lumetron Photoelectric Colorimeter Model 402-E, which 
is designed to cover a wide field of application in chem- 
ical and color analysis by photoelectric measurements. 
Equipped with 100-cp light source and mirror galvanom- 
eter, the instrument has ample sensitivity for use with 
color filters isolating wave bands approximately 30 milli- 
microns wide. There are 14 monochromatic filters of this 
spectral width available to be employed in the instrument. 
These filters cover, in approximately even steps, the whole 
visible spectrum, giving Model 402-E the character of a 
spectrophotometer by permitting complete spectral trans- 
mission and reflection curves to be plotted. : 

A great variety of sample holders can be used with the 
instrument. It accommodates plane-parallel absorption 
cells up to 15-mm light path as well as microcells, micro- 
tubes, and standard test tubes (14 pages). 


Photovolt Corporation has also published another book- 
let on their Photoelectric Glossmeter. The Glossmeter is 
designed for measuring the gloss of paints and varnishes, 
ceramics, plastics, paper, and machined or polished metallic 
or non-metallic surfaces. It is also suited to register changes 
in gloss as a result of age, wear, abrasion, exposure to 
moisture, heat, light, vapors, or sprays. 

The Glossmeter comprises the instrument proper and 
the search unit which is connected to it by a flexible cable. 
The search unit may be placed on the sample to be tested. 
Or the seareh unit may be positioned with the opening 
pointing upwards so that the sample is placed on top of it. 
The unit may, furthermore, be turned with the opening 
sideways for convenient measurement of vertical surfaces. 
Samples can be of any size and may be measured in rapid 
succession. 
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A new General Electric publication, designated as GET- 
1173, Electric Instruments, Principles of Operation, pre- 
sents a concise discussion of the characteristics of instru- 
ments, their operation, and their individual limitations, 
Among the instruments included are: direct-current per- 
manent-magnet moving-coil instruments such as ammeters, 
millivoltmeters, and voltmeters; alternating-current instru- 
ments of dynamometer type such as voltmeters, ammeters, 
wattmeters, and compensated wattmeters; alternating- 
current instruments of magnetic-vane type, induction type, 
rectifier type, and thermocouple type. Copies of the booklet 
can be obtained from the Company at Schenectady, New 
York (19 pages). 


Sound Advances, July, 1943, presents an article on their 
Model PS High Speed Graphic Recorder, which was de- 


veloped as a machine of considerable versatility, and one 





that is simpler, more compact, and less expensive than 
their PL High Speed Graphic Recorder. 

A material mechanical simplification resulted from limit- 
ing the machine to a single paper speed and a single 
writing speed. The feature of interchangeable potentiom- 
eters was retained in the new design because though there 
are many users who need only one potentiometer scale, 
one paper speed and one writing speed, the users’ needs 
differ from each other particularly as to the type of poten- 
tiometer. They differ also, though perhaps to a less im- 
portant degree, as to the speeds required. Because of this, 
the user may within certain limits specify on his order 
what paper speed and writing speed he wants built into 
the machine. In order to retain as much as possible of the 
simplifications realizable in the new design, the range of 
possible speeds is limited to those given in the specifica- 
tions. A detailed discussion of the various types of poten- 
tiometers available is also given. The booklet is published 
by Sound Apparatus Company, New York (6 pages). 





Recent Applications of Physics 








Application of Mass Spec- The “mass spectrometer” 
trometer in Synthetic will soon accelerate wartime 
Rubber Production chemical research in syn- 

thetic rubber plants. Dr. 
John A. Hipple, physicist at the Westinghouse Research 
Laboratories, developed the mass spectrometer in a form 
to analyze swiftly and precisely many of the complicated 
gases formed in making butadiene, the principal ingredient 
of several types of synthetic rubber. In 15 minutes this 
spectrometer will dissect a complicated gas molecule a 
twenty-five-millionth of an inch long and can be arranged 
to produce automatically an autograph that tells the 
chemist the composition of the gas. 

Butadiene molecules are carefully built up from carbon 
and hydrogen atoms according to definite chemical pat- 
terns. As the molecule is being put together in a butadiene 
plant, its composition must be checked at intervals to 
make certain that the chemical pattern is being followed. 
Present methods of determining the molecular structure 
are so slow that a batch of butadiene has often gone through 
the various treatments of the process before the analysis 
is completed. If there is an error in the molecular design, 
the butadiene has to be reprocessed, causing lost produc- 
tion time. 


Gyro-Stabilizer A new aiming device, 
for Tank Guns known as a gyro-stabilizer, 


to increase by several hun- 
dred percent the shooting accuracy of new Army tanks 
while in motion, was developed by the Westinghouse 
Electric and Manufacturing Company in answer to a 
request made by the Army Ordnance Department. The 
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stabilizer enables gunners in American tanks to fire accu- 
rately even while racing at full speed over the shattered 
terrain of a battlefield, according to L. H. Campbell, Jr., 
Chief of Ordnance, Army Service Forces. 

“Not only do the high-velocity 75-mm guns in our M-3 
medium tanks far and away outrange the best the Germans 
have, but we can fire this high velocity 75-mm gun when 
the M-3 tank is in motion. We fire our main armament in 
tanks when the tanks are in motion, regardless of speed, 
and we hit the target. Despite the pitch of the tank, the 
stabilizer keeps the gun barrel at a fixed elevation and the 
target within focus of the gunner’s telescopic sight. The 
gunner can fire quickly and effectively, making only slight 
manual adjustments when necessary.” 

“The advantage in striking force gained by America’s 
tanks is clear. The Germans have won their smashing 
blitzkrieg victories by a skillful combination of fire and 
movement. Progressing in groups in a zigzag advance, they 
cover each other’s advance by alternating at firing from 
standing positions. This in effect immobilizes one half the 
tanks participating in an offensive while the other half is 
advancing. American tanks equipped with the stabilizer 
are able to advance simultaneously and fire with greatly 
improved accuracy. The new control gives American tanks 
still another great advantage. A tank that must come toa 
dead stop to fire accurately itself becomes an excellent 
target for enemy airplanes and artillery. Since American 
tanks can be always in motion, they make difficult targets.” 

The stabilizer, in effect, places the tank gun on a floating 
mount so that the gun barrel remains at a fixed elevation 
regardless of the dipping and bucking of the tank. It over- 
comes violent upward bucks and downward pitches as 
tanks race over rough ground. 
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Harmonic Analysis by Photographic Method 


ARCHIE W. STRAITON AND GEORGE K. TERHUNE 
Texas College of Arts and Industries, Kingsville, Texas 


(Received August 9, 1943) 


This paper describes a method for determining Fourier series coefficients from area measure- 
urements on photographs of the function to be analyzed with the graph sheet formed into a 


series of semi-cyclinders. 


HE Fourier coefficients for the interval 
0<x <2z are given by 


1 2r 
b,=- f f(x) sin nxdx 
#0 


and 


1 2r 
a,=— f f(x) cos nxdx 
T #0 


where m has the values 1, 2, 3, ---. 
The value of the expression 


2 
f f(x) sin nxdx 
0 


for a given value of m may be obtained as follows: 

1. Place the graph sheet on a form made up of 
a series of tangent semi-cylinders alternately 
convex and concave whose diameters are each 
equal to 2/n with the y axis lying along a line of 
tangency between two cylinders. 

2. Obtain a projection of the curve thus 
formed by photographing it from sufficient dis- 
tance to reduce the distance distortion to a 
desired value. 

3. Measure with a planimeter the area between 
the curve and the x axis as projected onto the 
photograph over 2 semi-cylinders, reversing the 
sense of the area measurement each time a new 
semi-cylinder is reached. 

4. Determine the value of 5, from the area 
measurement by correcting for the scale of the 
photograph and dividing by z. 
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The proof of the correctness of the procedure 
outlined above is as follows: 
Figure 1 represents the cross section of a form 


= “F 
Fic. 1. F sas * 
Sten 


Semi-cylinders number 
1 2 3 2n 





used. The graph sheet would follow the contour 
of the form with the x axis perpendicular to the 
semi-cylinder elements. The lines x=0 and x= 27 
would pass through A and B respectively, falling 
along elements of the semi-cylinders. Then 
sin nxdx=dx’ for semi-cylinders 1, 3, 5, 
(2n—1) and sin nxdx= —dx’ for semi-cylinders 
2, 4, 6, ---2n. Also 


2x 2/n 4/n 
f f(x) sin nvde= f fia'ydx’ — f f(x')dx’ 
0 0 2/n 


4 


6/n 
+f f(x’)dx'’—--- -{ f(x")dx’. 
4/n 2(2n—1)/n 


The values of the integrals may be obtained 
with a planimeter giving the negative sense to 
the area measurements. on the even numbered 
semi-cylinders. 

The value of the expression 


f “F2x) cos nxdx 
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may be determined in a similar manner with the 
y axis moved to fall along a semi-cylinder element 
through a maximum of the form cross section, 
such as the point C of Fig. 1. 

Form models were made up from cylindrical 
cardboard cartons with the top half of alternate 
ones removed. In order to determine 0), for the 
saw-tooth curve shown in Fig. 2, a graph sheet 


Y 


(24,29) 


Fic. 2. 











containing the curve was placed in a form with 
semi-cylinder diameters of two and with the y 








Fic. 7. 
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axis along a line of tangency. The photograph of 
the projected curve and the area measurement 
are shown in Fig. 3. 

Photographs for obtaining a, be, a2, b3, and a3 
are shown in Figs. 4 through 8. The values of the 
coefficients thus obtained are compared in the 
table with the values determined analytically. 


a1 bi a2 be: a3 bs 
Photographically 0.02 —0.66 —0.01 —0.35 0.02 —0.23 
Analytically 0.00 —0.68 0.00 —0.34 0.00 —0.23 


The photographs were made with a Crown 
view camera, using a 9-inch focal length lens from 
a distance of 30 feet. The prints were inked and 
washed in a solution of potassium ferricyanide to 
remove shadows. 

Acknowledgment is made to Dr. S. L. Brown, 
of The University of Texas, for his helpful 
comments and suggestions. 
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The Radiation Field of Long Wires, with Application to Vee Antennas 


CHARLES W. HARRISON, JR. 
Cruft Laboratory, Harvard University, Cambridge, Massachusetts 


(Received August 4, 1943) 


The analysis previously made for the current distribution along a symmetrical center-driven 
antenna of non-vanishing radius, and radiation field thereof, is extended to include long wire 
center-driven antennas. The results of this investigation are then applied to obtain an approx- 
imate solution for the field of a long wire resonant vee antenna. 





INTRODUCTION 


HE general problem of the antenna may be 
divided conveniently into three parts. The 
first part deals with the transmitting antenna as 
a circuit element; the second part involves the 
calculation of the electromagnetic field; and the 
third part is concerned with the question of the 
magnitude of voltage that may be developed 
across a given load impedance at the receiving 
station. In a classic paper, Hallén' has treated 
specifically the first and third parts of the an- 
tenna problem for the case of a symmetrical 
center-driven or center-loaded antenna of finite 
radius. In a series of recent papers?~ his analysis 
has been greatly extended, and a treatment of 
the distant field of a center-driven wire added. 
In analyzing the transmitting or receiving an- 
tenna as a circuit element, a knowledge of the 
impedance of the antenna is required. This 
implies an accurate determination of the quad- 
rature components of current existing along the 
antenna, specialized to the input terminals. From 
a precise analytical description of the distribu- 
tion of current, it is a simple process to calculate 
the radiation field of the antenna, at least in 
principle. 


1E. Hallén, Nova Acta (Uppsala) [IV] Vol. 11, No. 4, 
1-44 (1938). 

2 R. King and F. G. Blake, Jr., Proc. I. R. E. 30, 335-349 
(1942). 

3 R. King and C. W. Harrison, Jr., “The distribution of 
current along a symmetrical center-driven antenna,”’ ac- 
cepted for publication in Proc. I. R. E. 

*C. W. Harrison, Jr., and R. King, ‘‘The radiation field 
of a symmetrical center-driven antenna of finite cross 
section,” accepted for publication in Proc. I. R. E. 

5>R. King and C. W. Harrison, Jr., “The receiving 
antenna,” accepted for publication in Proc. I. R. E. 

®*C. W. Harrison, Jr. and R. King, “The - receiving 
antenna in a plane-polarized field of arbitrary orientation,” 
submitted for publication in Proc. I. R. E. 
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The present paper is concerned chiefly with 
the question of the distribution of current on 
long wire center-driven antennas, and the radi- 
ation fields of such antennas. It is hoped that at 
a later date the long wire symmetrically loaded 
receiving antenna may be investigated, par- 
ticularly with regard to its complex effective 
length. 


THE DISTRIBUTION OF CURRENT ALONG A 
SYMMETRICAL CENTER-DRIVEN ANTENNA 


The cylindrical center-driven antenna, when 
analyzed as a boundary value problem, leads to 
an integral equation involving the unknown 
current distribution under the integral sign. The 
solution of this equation, as carried out by 
Hallén, is based on a method of successive ap- 
proximations. Unhappily, only a first-order cor- 
rection is available in terms of known functions, 
for the simple sine distribution of current 
ordinarily assumed in antenna work. It is ap- 
parent, therefore, that the more precise theory is 
least accurate whenever the simple sine wave 
theory predicts sharp zeros of current along the 
antenna. This occursath—|z| =n\/2.1fh=nd/2, 
a zero occurs at the input terminals, hence large 
errors in impedance calculations are to be ex- 
pected under these conditions. 

The zeroth- and the first-order terms in the 
solution for the current are 

jarVo° 


z 
QR. 





eee 1) 
cos Bh+(1/9)As+j47] J 


Here Vo* is the applied voltage. 
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Q=2 In 2h/a, a being the radius of the antenna 
wire. 


R. is the characteristic resistance of space 
(~1202 ohms). 


B=2n/X. 


\ is the wave-length; / is the antenna half- 
length. 

z is the distance along the wire measured from 
the indefinitely close together input terminals, 
to the point where the current is computed. 

The factors M,', M,"', A;', and A,” are defined 
in the appendix. 

The complete formula for the distribution of 
current (as originally derived by Hallén) consists 
of the sum of a series involving powers of 1/2. 
It has been generally assumed that for values of 
2 as small as 10, the correction terms of order 
1/0, 1/9, etc., contribute a negligible amount 
to the final result. Thus the Hallén method is 
entirely satisfactory in practical problems for 
long wire antennas of moderate radii. 

In sketching out the distribution of current 
on a long wire center-driven radiator, a con- 
siderable amount of labor is saved if points are 
chosen at intervals of r/2 for the calculation of 
the quadrature components of current. This was 
actually done in computing the curves shown in 








L225 N=6A 
h = 134000 
a 


Zoo = 4350 -J 162! 








Miiliamperes per input Volt 


Fic. 1. The distribution of current along one-half 
of a symmetrical center-driven antenna for 2=25(h/a 
= 134,000) and h=6,. 
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Figs. 1 and 2. For Fig. 1, h=6\ and 2=25. In 
Fig. 2, A=6X and Q=10. The distribution of 
current along only one-half of the antenna is 
shown. 


rs ee | 
ens .--—~ 
Zoo = 956 -J 265 
on — 
a ee 
ee) .<-°°"" 
lA 
NX aaa ee 
ee i ae 
| > a 
$n 
ie ee 
aes i ---7 
ee 
h al 
ae: 





Mitlamperes per input Voit 


Fic. 2. The distribution of current along one-half of a 
symmetrical center-driven antenna for Q=10(h/a=75) 
and h=6 x. 


It is of interest to observe in Fig. 1 that the 
component of current J’ max in quadrature with 
the driving electromotive force, is essentially 
sinusoidally distributed, and that the in-phase 
component of current, J,’’, is approximately 
cosinusoidally distributed, and linearly damped 
along the antenna. However, an obvious condi- 
tion is that both components must become zero 
at the end of the wire. There is also some 
tendency: for the magnitude of the current to 
decrease from the driving point along the an- 
tenna and then to increase near the outer extrem- 
ity of the wire. This phenomenon has been 
verified experimentally, and certainly would 
have to be contained within an adequate antenna 
theory. 

Of further interest is the fact that Jo’’ increases 
with increasing length for fixed values of 2. This 
is shown by Fig. 3, where the ratio of the quad- 
rature component of current \/4 removed from 
the input terminals to the in-phase component of 
current occurring at the input terminals for 
Q= 25, is plotted. 
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THE DISTANT FIELD OF A SYMMETRICAL 
CENTER-DRIVEN LONG WIRE ANTENNA 


In an as yet unpublished paper*® an expression 
is derived for the complex effective length of 
a receiving antenna in a plane-polarized field 
of arbitrary orientation. By means of the reci- 
procity theorem the relation between the mag- 








nitude of this effective length, and the radia- 
tion field of the same antenna when driven 
is pointed out. Thus a more rigorous ex- 
pression for the distant field of a symmetrical 
center-driven antenna of non-vanishing radius is 
obtained than heretofore available. This equa- 
tion is 





E46’ => j60Ly- 


Ro QR. sin 6 


In (2) Ee” is the electric field in the distant or 
radiation zone of the antenna. 

I) is the complex current at the driving point. 

Ry is the distance from the point of field cal- 
culation in the distant zone to a convenient 
reference origin 0 at the center of a center-driven 
antenna or at the base of a vertical base-driven 
antenna over a perfectly conducting infinite 
plane. 

Zoo is the self-impedance of the antenna, as 
obtainable from the curves of King and Blake.! 

6 is the angle between the axis of the antenna 
wire, and the line drawn from the center of phase 


Imax | 
Ip] 


or 








a a ee ee 
0 24 4” 6% 67 #0OF 12% 4m 6 8 zon 223 ze" Bh | 
tases 2S aaa ee SS SS 


Fic. 3. The ratio I'max/Io’ as a function of Bh for 
Q=25, I’max and Io’ being computed at the points Bz= 2/2 
and §z=0, respectively. 
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= j2mZo0 |- (8h cos 0) —cos Bh)+(1 = “ 
cos Bh+(1/2)[A +A," ] , 





out to the point in the radiation zone where the 
field is calculated. 

The factors m,/(0) and m,7(0) are defined in 
the Appendix. 

Equation (2) is the complete and accurate 
formula for the radiation field of a center-driven 
antenna of finite radius for which terms in 1/2 
are negligible. Its use in conjunction with the 
“field characteristic’’ of an antenna array may 
be used to give correctly the distant field of the 
array, if it is proved that the existence of mutual 
impedance does not significantly alter the dis- 
tribution of current in the individual radiators. 
Inasmuch as the current disappears at the op- 
posite ends of a symmetrical center-driven an- 
tenna, (2) has no application, for example, to the 
case of the resonant vee antenna, where the 
component of current in phase with the driving 
voltage is a maximum at the input terminals of 
the vee. 

In Fig. 4 is shown a plot of the magnitude of - 
(2) (scale adjusted) for an antenna of half- 
length h=0.625A when Q=10, 20, 30, and ~. 
This figure shows that the shape of the field 
pattern may be calculated with reasonable ac- 
curacy by assuming Q= &, i.e., that the simple 
sine distribution of current is a reasonable ap- 
proximation. It is to be observed, however, that 
sharp zeros are rounded off more as 2 decreases 
in value. 

In the limit as 2 ~ (a—0), 


Ze= — j602 cot Bh. (3) 
Using (3) with (2) 
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e~8Ror cos (Bh cos 6) —cos Bh 
E,’ = j60[>— |: —_—— | (4) 
0 sin 6 sin Bh 

The latter is the familiar equation given in the 
literature for the distant electric field of a doublet 
antenna. 

In calculating the radiation field of a long-wire 
center-driven antenna, (2) may be used to give 
accurate results, though the labor involved will 
be very great, as numerous points are required. 
An alternative procedure is to represent the 
quadrature components of current as closely as 
possible by analytical expressions of simple form, 
and calculate the distant fields due to these com- 
ponents. Inasmuch as the currents are in quad- 
rature in the antenna, the individual fields will 
be in quadrature, and hence the magnitude of 
the field will be the square root of the sum of the 
squares of the field components. 

In the case of Fig. 1, the current distribution 
along the antenna may be approximated closely 
by the formula 


Leh ||) 
.,=I1,+jl,/=— — cos (8|2|+$) 





+ jI'max sin B(h—|2|). (5) 


Here J,” is the amplitude of the component of 
current in phase with the driving voltage at the 
input terminals. 


——-— oO 1-10; --- 0 1=20; —— x A-=H, 
e= ¥-6, 
53) 36°9 
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I'max is the maximum value of the sinusoidally 
distributed component of current in quadrature 
with the driving voltage. 

¢ is the phase angle at the origin of the com- 
ponent J’’ with respect to a cosine curve. Close 
examination of Figs. 1 or 2 indicates that ¢ 
changes slowly along the wire. However, since 
it will be shown later that the whole contribution 
of the Jo’ component of current to the distant 
field is very small, this variation of ¢ may be con- 
sidered inconsequential. 

The radiation field for the quadrature com- 
ponent of current is given by (4), where I’ max is 
to be written for J,/sin Bh. The field due to the 
tapered cosinusoidally distributed component of 
current must be calculated directly. For this 
purpose, the following well-known formula is of 
use : 


eibRo +h 





Ee’ = j308 T,'ei8+' 088 sin Oda’. (6) 


0 --h 


In this relation 

I,/ is the complex current amplitude in am- 
peres flowing in the element dz’. 

z’ is the distance from the reference origin at 
the center of the antenna to the element dz’. 

It might be well to mention in passing that (1) 
used with (6) leads to (2), though to obtain (2) 
by carrying out the necessary integration would 
be well nigh impossible. 


04 Fic. 4. The radiation field of a 
base-driven vertical antenna over a 
perfectly conducting plane of infinite 
extent, for h=0.625\ and Q=10, 20, 
30, and ~, 
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For the specific field to be calculated, one has 
e~iBbRo +h To!"(h—|2]) 
Eg’ = j308 sin 0 f aaorinniaannr 
Ro = h 
X cos (B|2| + o)et#" :8 dz’ 
G60 o'e—i8Ro 
7 Roh sin* 6 





[ (1+ cos? 6) 


X (1—cos Bh cos (8h cos @)) cos £ 
— (Bh sin? 6+2 cos 6 cos Bh 
Xsin (Bh cos @)) sin ¢]. (7) 


This formula is restricted for simplicity to the 
case sin Bh=0, i.e., h=nd/2. The combination of 
(4) with (7) is conveniently accomplished by the 
introduction of a factor 


C= if) 


the reciprocal of which is given very closely by 
Fig. 3, for Q=25. 

For a practical long-wire antenna for which 
h=6,f =12 megacycles/sec. and 2=25 (a=0.112 
cm), it is seen from Fig. 1 that ¢ is a small angle. 
If one sets § =0 degrees, then (4) and (7) predict 
absolute nulls in the field pattern, since the 
factor [1—cos 8h cos (Bh cos 6) ] occurs in both 
equations. Hence it is reasonable to suppose that 
for this case (2) would predict extremely small 
minimum fields. Figure 5 is a sketch of the field 
pattern for a symmetrical center-driven antenna 
for the case h=6A, Q=25, ¢=0 degrees, and 
C=0.224. 

For the thicker antenna (implied by 2=10), 
the approximate representation of the quadrature 
components of current using (5) becomes much 
less accurate, and one would expect the null 
positions in the distant field to be rounded off 
significantly. An investigation of this problem 
requires an application of (2) if precise results are 
to be obtained. Even so, it is doubted if the 
degree of refinement thus achieved, as compared 
to that available from the simplified analysis, is 
. commensurate with the great labor involved. 


THE DISTANT FIELD OF END-DRIVEN ANTENNA 
SECTIONS 


To calculate the field of an end-driven antenna 
Section (6) is applicable, provided the lower 
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Fic. 5. The radiation fields due to the components of 
current I’max and J’ along a base-driven vertical antenna 
over a perfectly conducting half-space for h=6A, 2=25, 
and ¢=0 degrees. In combining the individual fields in 
quadrature E,”’, as plotted, must be multiplied by the 
reduction factor C=0.224. The resulting pattern is thus 
substantially the same as that given by Ep’. 


limit of integration is changed from —/ to 0. As 
an illustration, assume an antenna section carry- 
ing the current distribution shown in Fig. 1. For 
the quadrature component of current 


eiBRo 
Eyr= j30L max——— 
Ro sin 7] 
X (e784 008° cos Bh—j cos @sin Bh). (8) 


This formula applies to an end-driven wire of 
any length. For the component of current in 
phase with the driving voltage 


307 o’eth Ro 
Eg = j————__ 
RoBh sin® 0 
< [£((1+ cos? @)(1—cos Bhei#* ~s #) 
— jBh sin? 6 cos 6) cos ¢ 
— (Bh sin* 6+-j2 cos @—j2 cos 6 
X cos Bhei®* cos ¢) sin t]. (9) 


In (9) the length of the wire is restricted to 
h=nx/2. It is readily verified that when (8) and 
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(9) are combined” in quadrature, due account 
being taken of the ratio factor C=I’’/I' max, (9) 
contributes but little to the field, except when 
(8) passes through a zero which occurs for certain 
values of h. Thus the shape of the field pattern is 
given for all practical purposes by (8), the nulls 
being rounded off by the contribution of (9). A 
plot of the field of an antenna section for which 
h=6x, ¢=0°, and 2=235 is given in Fig. 6. 

















Fic. 6. The radiation field of an end-driven antenna 
section without image for h=6\, 2=25, and ¢=0 degrees. 
Absolute nulls in the field pattern are entirely absent. 


Since the in-phase component of current pro- 
vides but a slight correction to the field, it follows 
immediately from the principle of superposition 
that the field of an array composed of such 
sections can differ but slightly from that deter- 
mined by assuming a sine distribution of current 
in all elements, provided the distribution of 
current is not significantly altered in the in- 
dividual radiators by the existence of mutual 
impedance. 


THE RESONANT VEE ANTENNA 


P. S. Carter, C. W. Hansell, and N. E. 
Lindenblad’ have developed equations for the 
distant field of a resonant vee antenna. These 


7™P, S. Carter, C. W. Hansell, and N. E. Lindenblad, 
Proc. I. R. E. 19, 1773-1842 (1931). 
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writers presupposed that an end-driven vee an- 
tenna may ,be represented by two symmetrical 
antennas oriented appropriately so as to form a 
vee. The validity of this assumption, in the 
absence of published data regarding the dis- 
tribution of current on the legs of the long wire 
antenna, was certainly open to question at the 
time their treatment appeared. The basic ob- 
jection to the prior work on vee antennas is that 
the input impedance to the vee must necessarily 
be infinite, regardless of the leg length, inasmuch 
as the current disappears at each end of a sym- 
metrical antenna element. A true picture of the 
radiation field is available from Carter’s analysis 
only when sin Bh=0, i.e., for a so-called ‘“‘anti- 
resonant” vee. Whereas it is true that the radi- 
ation field for vee antennas fulfilling this require- 
ment could be corrected for the existence of the 
component of current J,” by calculating the 
radiation field due to this component, and 
properly combining with the previously pub- 
lished result, it is impossible to correct the field 
of a vee antenna satisfying the condition 
cos Bh=0, i.e., for a ‘“‘resonant”’ vee. In the latter 
case, the component of current J’ max has a large 
value at the input terminals, and a more basic 
analysis for the vee antenna problem is desirable. 

A rigorous analysis has been given above for 
the distribution of current along a symmetrical 
center-driven antenna of finite radius, when the 
antenna dimensions are such that terms in 1/2 
are negligible. On the other hand, the distribution 
of current along an open-ended transmission line 
of zero dissipation is 


I,=jE, sin B(h—2z)/Z. cos Bh. (10) 


Here E, is the voltage maintained by the gener- 
ator across the input terminals, and Z, is the 
characteristic impedance of the line. The current 
I, is seen to be in quadrature with the applied 
voltage E,. In the case of a transmission line with 
small dissipation, the inphase component of cur- 
rent, while not zero, is very small. If then one 
imagines the antenna folded into a parallel wire 
line, the component of current Jo’’ along the 
antenna ultimately becomes negligible in value. 
The vee antenna lies within these limits, and thus 
it can be assumed with confidence that proximity 
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of the wires cannot cause an increase in I9’’ above 
that given by (1) for a center-driven long wire. 

It has been shown that little is to be gained by 
correcting the field for the J’ component of 
current in the case of end-driven long wire an- 
tenna sections. Accordingly, it is a legitimate 
procedure to analyze the radiation field of a vee 
antenna on the basis of the assumption of a sine 
distribution of current. Thus the field calcula- 
tions made by the previous investigators give 
satisfactory results, since the addition or sub- 
traction of a section \/4 in length makes little 
difference in the field pattern when one is dealing 
with very long wire antennas. 

Expressions have been derived for the fields of 
isolated vee antennas having leg lengths any 
multiple of \/4 for any direction of radiation. 
These relations, it is thought, cannot be ex- 
pressed in a very compact form. Accordingly, 
formulae will be given here only for the radiation 
field in the “‘horizontal”’ and ‘‘vertical’’ planes. 

Using a method developed by Dr. S. A. 
Schelkunoff,’ and used in a recent paper by the 
writer,’ it is readily shown that the field in the 
plane y=0 for a vee antenna of arbitrary leg 
length oriented in the plane z=0 with the 
positive x axis bisecting the angle formed by the 
wires at the origin of a right-hand coordinate 
system is 


4]? sin® 
6* sin? Bh sint yr 
X [2 sin (8h cos ¥1) —cos y; sin Bh | 
—cos Bh{_2 cos (8h cos ¥1) —cos Bh}. 


K?= 





{1—cos ¥; sin Bh 


(11) 


In (11), K? is defined as the “‘radiation function.” 
(The field strength is proportional to K.) 

2n is the angle formed by the wires. 

I, is the amplitude of the sinusoidal current at 
the input terminals to the antenna, this com- 
ponent being in quadrature with the driving 
electromotive force. 

(8,@) are the spherical coordinates of a 
typical point anywhere in the far zone of the 
antenna, @ being measured from the positize z 
axis, and ¢ from the positive x axis. 


8S. A. Schelkunoff, Proc. I. R. E. 27, 660-666 (1939). 
*C. W. Harrison, Jr., Proc. I. R. E. 31, 362-364 (1943). 


VOLUME 14, OCTOBER, 1943 


For the selected antenna orientation and con- 
sidering that the radiation is being calculated in 
the plane y=0, cos ¥i=sin 6cos7 when ¢=0 
degrees, and cos ¥;= —sin 6 cos n when ¢=180 
degrees. The field pattern in the vertical plane in 
either the forward, or backward direction is ob- 
tained for O=@=+90 degrees. 

For the directional characteristic in the plane 
z=0 for sin Bh=0, 





| 1 
K°= (sin? po 
6? sin y; sin Yelsin y; sin Pe 
—sin y; sin Y2+sin*® ¥i+ cos Bh 
X [ (sin Ye—sin 1) (sin y cos (BA cos W2) 
—sin W2 cos (Bh cos y)) }) 
—cos [Bh(cos y2—cos yi) ]}. (12) 
Here Yi=o—7n, and yo=o+n. Imax is the 


maximum value of the sinusoidal current along 
the antenna wires. This current is in quadrature 
with the applied voltage. 

For the directional characteristic in the plane 
z=0 for cos Bh=0, 


I? 1 
K?= 
8 sin V1 sin Yo sin V1 sin v2 
+sin? ¥i+sin 27 sin Bh[sin 2n sin Bh 

—2 sin ye sin (Bh cos y) 


+2 sin ¥ sin (Bh cos y) }) 





(sin? peo 


—2 cos [Bh(cos Y2—cos yi) ]}. (13) 


Equations (11), (12), and (13) apply to isolated 
vee antennas. The effect of the earth may be 
taken into account in the usual way. For an- 
tennas located over an earth of finite constants, 
currents flowing along the surface of the earth 
have quadrature components which probably 
affect the distant field a great deal more than 
the field due to the component of current in-phase 
with the driving voltage ordinarily neglected in 
antenna calculations. 

An expression has been obtained for the field 
pattern in the plane y=0 due to the component 
of current in-phase with the driving voltage. 
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Upon combining this field with (11), the con- 
clusion previously drawn, that the assumption of 
a sine distribution of current is adequate for vee 
antenna calculations, was again verified. 


CONCLUSION 


For the calculation of field patterns of antenna 
arrays, the assumption of a sine distribution of 
current is entirely adequate, except in instances 
where the mutual impedance appreciably alters 
the distribution of current in the individual 
radiators, provided it is understood that com- 
plete nulls in the field pattern are absent. A more 
advanced theory is unnecessary unless the fields 
so calculated are being used in the Poynting 
vector method for determining the power 
radiated. 

For the case of the vee antenna it is considered 
extremely unlikely that the mutual impedance 
of the wires alters the basic premise that the 
assumption of the simple distribution of current 
is satisfactory. 

It is a pleasure to thank Dr. Philippe LeCor- 
beiller of the Cruft Laboratory staff for his dis- 
cussion of the conclusions drawn in this paper. 


APPENDIX 


The factors Mj’, Mi", Av’, Ay’, m,/(0), and 
m,''(0), while defined in references 3, 5, and 6, 
are reproduced collectively for the convenience 
of the reader. 


M1'+jM7"' = F(z) sin Bh— F,(h) sin B| 2! 
+G,(h) cos Bz —G;(z) cos Bh, (14) 
A+ jAi"'= F,(h). (15) 


Neglecting ohmic resistance 


F(z) = — (cos Bz —cos Bh) In (h? —2?)/h? 

+4 cos Bz[(Ci)28(h+2) + (Ci)28(h—z) 

+ jSi2B(h+2) + jSi2B(h—2z) | 

—4 sin B2[ Si28(h+2) — Si2B(h—2z) 

— j(Ci)2B(h+2) + j(Ci)2B(h—z) ] 

—cos Bh (Ci)8(h+-2) +(Ci)B(h—z) 

+ jSiB(h+2)+jSiB(h—z)], (16) 

G,(z) = — (sin B|z| —sin Bh) In (h?—2)/h? 

— 43 cos Bz[_Si2B(h+2)+ Si2B(h—2z) 

— 2Si2B|z| — j(Ci)28(h+2) 

— j(Ci)2B(h—z) + j2(Ci)2Bz ] 


544 





— 4} sin Bz (Ci)28(h+2) —(Ci)28(h—z) 
+ jSi28(h+2) — jSi2B(h—z) — j2Si2Bz] 
—43sinB\z|[41n |2|/(h+|2]) 
— 2(Ci)282 ]—sin Bh[(Ci)B(h+2) 
+(Ci)B(h—2) + jSip(h+2) 
+jSiB(h—z)]. (17) 
F\(A) and G,(h) are obtained from (16) and (17), 
respectively, by setting z=h. 
my! (0) + jm"! (0) = F,(0) cos gh— F,(h) 
+5S,(h) —S,(0) cos Bh. (18) 


Neglecting ohmic resistance, 


Si(z) = — (cos gz—cos gh) In (h?—2*)/h? 
+3 cos gz[(Ci)(8+9)(h+2) 
+(Ci)(B+4q)(h—2z)+(Ci)(8—g)(h+2) 
+(Ci)(8—g)(h—z)+jSi(8+q)(h+z) 
+ jS1(8+ )(h—2)+jSi(B—g)(h+2) 
+ jSi(8—q)(h—z) ]—}3 sin gz 
X [Si(8+ 4) (h+2) — Si(8+q)(h—2z) 
— Si(8—q)(h+2)+Si(8—g)(h—2z) 
— j(Ci)(8B+ q) (h+2) + j(Ci)(8+q) (h—z) 
+ j(Ci)(8 —q) (h+2) — j(Ci)(B—@) 
X (h—z) ]—cos gh[(Ci)B(h+2) 
+(Ci)B(h—2) + jSiB(h+2) 


+ jSiB(h—z)]}. (19) 
Here 


g=86 cos @. (20) 


S,(0) and S,(h) are obtained from (19) by setting 
z=0, and z=h, respectively. F\(0) is the value 
of (16) when z=0. 


Sitz) = f° (sin u/u)du, (21) 
Ci(x) =f (cos u/u)du, (22) 


(Ci)(x) = f [(1—cos u)/u |du 


=0.5772+1n(x)—Ci(x). (23) 
For large arguments, 
Si(x) =2/2—cosx/x; Ci(x)=+sinx/x (24) 
and 


(Ci)(x) =0.5772+1n (x) —sin x/x. 
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Dosimetry and Local Distribution of Energy in the Electric High Frequency Field! 


K. S. Lion 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received July 8, 1943) 


The principles of a short wave dosimetry method, based upon measuring of the electric field 
strength distribution, are explained. The applicability of this method for measurements outside 
and inside of the body to be treated is discussed. Measurements in some typical field arrange- 


ments are presented. 





I 


HE electric field arising between the two 
plates of a condenser which are connected 
to a high frequency generator has been of special 
interest in many ways within the last few years. 
The physicist and chemist are interested chiefly 
in the interaction between high frequency fields 
and matter. The dielectric behavior of any sub- 
stance in such fields depends upon the polar 
character of the molecules and can, therefore, be 
used conversely for investigations of the molec- 
ular structure. 

Further interest arises from the field of insula- 
tion research, since the applicability of technical 
materials, such as used for insulation at short 
waves, is limited by the absorption of energy in 
the electric high frequency field. It may be 
interesting to note that a major effort of this 
research is devoted to the development of new 
insulation materials with low losses, while the 
reduction of losses by suitable shaping of the 
electric fields has been of relatively little interest. 

The main technical application of the electrical 
high frequency field has been the production of 
heat inside of dielectric bodies, as for instance, 
in medical diathermy or short wave treatment. 
Originally a “biological technique” this tech- 
nique has found industrial applications on a 
large scale, e.g., for the dehydration or drying of 
tobacco and wood, for polymerization of plastics 
or glue, and for many other purposes. The high 
frequency field treatment is, of course, par- 
ticularly efficient for semi-conducting sub- 
stances, such as predominate in biological ob- 


1 Read in part at the 20th annual meeting of the Am. 
Acad. of Physical Med., October 16, 1942. 
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jects. This fact and the many other advantages 
of the short wave field treatment make its use 
especially adaptable to many more new problems. 
A further development in this field seems, there- 
fore, very probable, provided that our knowledge 
of the action of the field and the technique, in 
particular the measuring technique, can be 
improved. 

The medical short wave therapy technique has 
been developed on an empirical basis, and is 
practically applied without physical measure- 
ments or dosimetry. The technique used at the 
present (with few exceptions) leaves it up to the 
experience of the physician to estimate the dose, 
and the heat sensation of the patient is mostly 
used as subjective measure of the intensity of a 
treatment. It is obvious that a physical method 
is more desirable. 

Besides the application of a dosimeter to 
prevent burns there are other reasons for the 
necessity of a physical measuring method. In 
comparing the results obtained by the different 
authors in treating bacteria or plants with ultra- 
short waves, one can observe a great discrepancy. 
For instance, while some authors report a stimu- 
lation of growth, others observe the killing of 
seeds or bacteria. Unquestionably a killing of 
biological objects can be produced on treatment 
with sufficiently high energy and for sufficient 
time. On the other hand we cannot explain the 
observed stimulation of growth on the grounds 
of experimental error or mistake. Even if we 
grant that a part of the discrepancy is caused by 
the biological variability of the objects (or even 
the different judgment of the authors), we have 
to assume that another, perhaps more important, 
reason for the differences results from the dif- 
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ferent intensity of the treatment, for which a 
measuring method does not exist. If in experi- 
ments with such simple objects as bacteria or 
seeds no uniform results can be obtained, the 
situation may be still more difficult in such com- 
plicated processes as therapeutical treatments, 
since here not only the biological variability is 
greater but also the interpretation is more 
difficult because of the absence of untreated 
control experiments. If a physical method were 
available for the absolute determination of the 
dose, we would be able to compare results ob- 
tained in different places and by different authors, 
and this would enable us to make reproducible 
experiments and to apply their results as a 
scientific basis for therapy. 

There is a further reason for the necessity of 
dosimetry in each case of treatment: The ob- 
served effects of stimulation and killing of bac- 
teria and seeds may permit us to assume some- 
thing about the effect of short waves in bio- 
logical objects; if we increase the time of the 
treatment or the intensity, or both, the stimu- 
lation will increase up to a certain point and then 
will decrease until, with large doses, the effect 
becomes negative. An effect of this kind has been 
observed by different authors, as well as in 
clinical works, and it is just the advantage of a 
short wave dosimetry to permit dosage of the 
intensity in the one or the other sense. 

Some dosimeter methods have already been 
proposed. In the first place, the voltage applied 
to the electrodes has been used as measure for 
the intensity of a treatment (with condenser 
plates); but this voltage is not identical with the 
voltage on the object. Also, the current through 
the condenser and, therefore, through the object, 
does not give a measure of the physical-biological 
effect. The current is composed of a capacitive 
and an ohmic current, the capacitive current 
flowing through the object cannot produce any 
effect, however, because it is not accompanied by 
an absorption of energy. Much better are the 
types of the instruments which measure the total 
amount of power absorbed in the body. The ob- 
jection to these types of dosimeters is that the 
influence of any kind of short wave field is a 
local function and varies from point to point. If 
one says that the power of 50 watts is absorbed 
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in the human body this does not say anything 
about the influence or effect of the short wave 
field. If this power is distributed over the whole 
body no influence may be observed, but if it is 
absorbed in a space of one centimeter cube, it 
will result in burning. A power meter would indi- 
cate in both cases the same value. The distribu- 
tion of energy, however, can be determined by 
measuring the intensity of the electric field in 
arrangements using the condenser electrodes.” 

The distribution of the electric field strength 
can be illustrated by connecting all points at 
which the field strength has the same value 
(amount, not direction, since the effect is propor- 
tional to E*). The resulting iso-field strength lines 
indicate where the same effect, in a homogeneous 
medium, can be expected. 

Figure 1 shows such curves for a homogeneous 




















Fic. 1. Homogeneous and non-homogeneous fields. 
——_—_———_ force lines; - -—-—-—-— equipotential lines; 
tte ee ewes iso-field strength lines. 
and a non-homogeneous field. The _ iso-field 


strength lines, as it can be seen from Fig. 1, are 
not identical with the equipotential lines. 


Il 


According to the considerations mentioned 
above a measuring instrument applicable to short 
wave electric fields has been developed and has 
been described in a previous paper.** Its opera- 
tion is based on the phenomenon of the electrode- 
less luminous discharge which arises in a small 


2 The method described here can be applied in some 
cases also when using coil fields. The present paper deals 
only with the condenser method; the application to coil 
fields will be described later. 

3K. S. Lion, Rev. Sci. Inst. 13, 338-341 (1942). 

4K. S. Lion, Helv. Phys. Acta, 14, 21-50 (1941). 
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tube filled with gas under reduced pressure if 
brought into an electric high frequency field. 
Under certain conditions (floating potential, 
spherical form of the discharge tube®) the bright- 
ness of the light emitted from the discharge 
vessel is a measure of the field strength. The 
discharge tube is connected to a photoelectric 
cell and amplifier, and the field strength at the 
point to be measured is directly indicated by a 
meter calibrated in volts per centimeter. The 
sensitivity of the dosimeter is sufficiently high to 
allow measurements outside and, under certain 
conditions, inside the body to be treated. The 
deflection of the meter is proportional to the 
field strength, except for field strengths so small 
that the discharge in the gas-filled vessel ex- 
tinguishes. 

The dosimeter is calibrated in a field in which 
the field strength can be calculated from the 
applied voltage and the physical dimensions of 
the condenser plates. The calibration constant 
depends on the wave-length and can be adjusted, 
if the wave-length of the short wave generator 
is known. 

While measurements of the field outside the 
patient to be treated can be carried out in a 
simple way, there are some difficulties in con- 
ducting measurements inside the body, not so 
much because of insufficient sensitivity of the 
instrument as because there are no technical 
possibilities of making measurements inside the 
body to be treated, except inside the cavities of 
the body. The same is true in x-ray dosimetry in 
which case one measures the input intensity and 
determines the depth dose by means of tables 
or by calculation, or one contents oneself with 
the mere indication of the input intensity. This 
is permissible since the relation between depth 
dose and measured surface dose or input intensity 
is known and depends (at high voltages) only to 
a small extent on the ‘‘transparency”’ of the dif- 
ferent tissues of the body. A relationship between 
field outside and inside the body to be treated 
exists also in electric short wave fields. With a 
given adjustment of condenser plates and short 
wave machine, the electric field strength dis- 
tribution in the body (inside field) as well as the 


5 The known neon tube, used sometimes as tuning 
indicator, cannot be used for measuring the field strength. 
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field in the space between body and condenser 
plates (outside field) is given by the electrical and 
geometrical properties of the body. For all 
clinical treatments in which the point to be 
treated is on the surface, the indication of the 
dosimeter can be used as measure of the field 
influence. In these cases (e.g., treatments of 
furuncles, etc.) measurements with the dosimeter 
not only furnish a relative measure for repro- 
duction or comparison of treatments, but deter- 
mine quantitatively the physical-biological effect. 
Measurements of the outside field by means of 
the dosimeter can serve to secure the quantitative 
reproduction of treatments or to compare dif- 
ferent treatment also for the inner organs. 
Whether the reading of the dosimeter in the 
outside field furnishes a measure of the physical- 
biological effect in the inner organs can only be 
decided by experiment. 

The practical way to study this question is to 
investigate, by means of the dosimeter, the field 
distribution in models. The aim of this inves- 
tigation, however, is twofold: it should show if, 
from measurements with the dosimeter in the 
outside field, the field intensity in inner organs 
can be estimated with sufficient practical ac- 
curacy. If this is feasible, the mere measuring of 
the outside field could be used for dosage in 
therapy of the inner organs, as in x-ray therapy. 
Moreover, it might be of general interest to get 
some information about field distribution. This 
knowledge is of particular value for clinical 
application of short wave fields, enabling one to 
control, to a certain extent, the distribution of 
energy, to increase it at points at which higher 
energy is desirable, and to protect other points 
from too high field strengths. 

Some of the field pictures which are shown 
below could be obtained by calculation. But cal- 
culations are only practicable in simple arrange- 
ments and are more time consuming than meas- 
urements.® For practical use in therapy calcula- 
tions are not feasible. For predetermination of an 
intended field arrangement it is rather useful, 
therefore, to derive some general rules about field 
distribution which can be of use in the arrange- 


* The field distribution pictures shown in this paper 
have been drawn by a semi-automatic method which 
allows plotting of an entire field curve in less than one hour. 
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ment of proper field distributions, and to deter- 
mine quantitatively only the accessible parts of 
the field by means of the dosimeter. 

It should be noted that the electric properties 
of the different tissues at high frequencies are 
known from the measurements of different 
authors.’ The distribution of the different tissues, 
i.e., the anatomic structure of the part to be 
treated, is normally known with sufficient 
accuracy. 


Il] 


Figure 2 shows the field distribution between 
two parallel circular plates. Since the distance 
between the plates is of the same order of mag- 
nitude as the plates themselves, the field, as 
expected, is not homogeneous and is more con- 
centrated towards the plates. Only in the middle 
a small area arises in which the field is approxi- 
mately homogeneous. This space is the one used 
in therapy employing Schliephake distance elec- 
trodes. The field also is not homogeneous in the 
direction parallel to the plates. In immediate 
proximity of the plates the intensity is smaller in 
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Fic. 2. Field distribution in a meridional plane between 
two parallel circular plates. 


7B. Rajewsky, Ergebnisse der biophysikalischen For- 
schung (G. Thieme, Leipzig, 1938), Vol. 1, Chapter 2, IV. 
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Fic. 3. Field strength between two circular plates of 
different size. 


the middle and greater towards the edges. Along 
the vertical symmetry line, however, the field 
decreases from the center towards both sides, as 
expected. The maximum non-uniformity arises 
at the edges of the plates, the point of maximum 
field strength, however, is not directly on the 
plate edges but shifted more towards the hori- 
zontal symmetry line as indicated by an arrow. At 
this point the danger of burning (in a homogene- 
ous medium) is a maximum. The ratio of mini- 
mum to maximum field strength in the space 
between the plates is about 1 : 3. If, therefore, 
this field should be applied for treatment of a 
homogeneous body, one part of this body, near 
the plates, would get nine times the dose of the 
center part. 

Figure 3 shows the field picture between two 
plates of different size. (Diameters of the plates 
are 15 cm and 7 cm, respectively; separation 
distance, 20.6 cm.) The field strength, as ex- 
pected, is higher near the smaller electrode than 
near the larger one; the ratio of field strengths 
along the symmetry line is about 1 : 2.4 (extra- 
polated). One should generally expect, therefore, 
in treatments using two electrodes of different 
size that the greater effect would arise at the 
smaller electrode. It appeared, however, in one 
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practical case, that the dosimeter showed a small 
reading at the smaller electrode while the field 
strength near the larger (so-called inactive) elec- 
trode was relatively high. This could be explained 
by the fact that the output circuit of the short 
wave generator was unsymmetrically grounded. 
The voltage between the smaller electrode and 
the (capacitively grounded) patient, therefore, 
was smaller than the one between the patient 
and the larger electrode. As a first approxima- 
tion, the field form near one electrode can be 
determined without respect to the size and 
position of the other electrode, if the latter is 
sufficiently far away. 

This becomes even more visible in Fig. 4, in 
which the smaller plate has been rotated through 
45°. The field in the proximity of the smaller 
plate is nearly unchanged from the one in Fig. 3. 
At further distances from this plate, the field, 
of course, is deformed towards the other elec- 
trode. The field distribution in the middle 
between both electrodes is about the same as in 
Fig. 3. The high field strength in this case also 
is concentrated at the electrodes. 

The effect of field concentration at the elec- 
trodes is undesirable for many practical applica- 
tions. The maximum effect arises on the surface 
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Fic. 4. Arrangement like Fig. 3, but position of one of the 
electrodes changed. 
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Fic. 5. Field form between one straight and one curved 
electrode. 


(skin) of the body to be treated and limits the 
applicable energy. The field strength at the 
center of the field is smaller than on the plates, 
the relative depth effect is insufficient. By using 
distance electrodes, Schliephake increases the 
relative depth dose (ratio of depth dose to surface 
dose), however, at the expense of efficiency. In 
keeping the surface of the object at a certain 
distance from the electrodes he reduces the 
surface intensity and, therefore, obtains high 
relative depth dose. The strong field near the 
electrodes remains unused. 

An arrangement which serves the same purpose 
of homogenizing the electric field, especially near 
the electrodes, by other means, is shown in Fig. 5. 
For comparison, the left electrode has the normal 
plate form, the right one is cylindrically curved, 
approaching the form of a Faraday cage. The 
field strength at the concave side of the curved 
electrode, therefore, is reduced and the field 
homogenized as can be seen from the upper 
curve of Fig. 5. Within 50 percent of the total 
space between the electrodes, the field strength 
does not vary more than +6 percent (measured 
in the symmetry line). For comparison: in a 
similar arrangement with straight plates (e.g., 
Fig. 4) a homogeneity of 6 percent arises in less 
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Fic, 6. Field strength distribution between two circular 
ring electrodes. 


than 30 percent of the total space between the 
electrodes. Doubtless, an even better homo- 
geneity can be obtained by curving also the other 
electrode of Fig. 5, in the proper way, preferably 
perpendicularly to the first one. 

The problem of the depth dose, however, 
cannot generally be solved in this way. Relative 
depth doses greater than unity would require that 
the field strength in the middle of the area to be 
used for treatment be absolutely higher than the 
one in proximity to, or on, the electrodes. In 
principle, it may not be possible to obtain such 
a field in a homogeneous medium, by means of 
two electrodes, whatever their form may be. 
Field forms can be shown, however, in which the 
field intensity in certain spaces near the elec- 
trodes is reduced, while the field in the middle is 
relatively stronger. 

An example of such a field which arises between 
two circular rings is shown in Fig. 6. (Diameter 
of the rings 10 cm, thickness 1 cm, distance 12.8 
cm.) The three upper curves of Fig. 6 show the 
field strength along the three lines AA, BB, and 
CC. If one follows the symmetry line AA from 
the middle of one electrode, the field strength 
increases towards the center about 10:1 (!). 
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Fic. 7. (a) Non-homogeneous field. (b) Wheat seeds treated 
in this field for 1, 5, 15 minutes; untreated control. 
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Also in the direction BB a field concentration in 
the center of the field can be observed, but not in 
the direction CC, in which the field, as expected, 
decreases towards the center. In fact, a similar 
arrangement has already been used, for treat- 
ment of the extremities, by Leistner and 
Schaefer® (ring electrodes) and the authors em- 
phasize the high depth effect of the arrangement 
which, from Fig. 6, can now be easily under- 
stood. 

The field pictures shown here arise in air or in 
any non-conducting homogeneous and isotropic 
dielectric substance which fills up the whole area 
between the two electrodes. If a dielectric sub- 
stance different from air does not fill up this 
whole space, a refraction of electric force lines 
will occur at the interphase of both dielectrics.’ 

Nevertheless, measurements of the empty 
field may serve, sometimes, as quantitative indi- 
cations of processes that will occur inside of 
substances if brought into the electric field. An 
example of this is shown in Fig. 7a. The field 7a 
between two equal circular plates which form an 
angle with each other is very non-homogeneous. 


8K. Leistner and H. Schaefer, Klin. Wochenschr. 14, 
899 (1935). 


9 Such fields will be described in a later paper. 


The upper curve of Fig. 7a shows the sharply 
increased intensity at the point A where both 
plates are nearest together and the drop of field 
strength on both sides of said point A. In order 
to observe the effect of the short wave field, seeds 
have been introduced along the line of sym- 
metry. These seeds, therefore, are exposed to 
about 8 times higher field strength at the point 
A than at the point B.'° The result of the treat- 
ment is shown in Fig. 7b. At the point of maxi- 
mum field strength all seeds are killed. Whether 
an effect of stimulation also occurred cannot be 
concluded from this picture as no pure seed cul- 
tures were used. 

Experiments of this kind open an interesting 
aspect of the question of influence of the time 
factor in treatments with short wave fields. The 
material presented up to date does not allow 
any conclusion to be drawn about the effect of 
time, neither for the stimulation, nor for the 
lethal effect. It seems, however, indicated that 
the assumption of a simple law of the form: 
Dose = Intensity X time, is not justified. 


10Qn the assumption that the field is not disturbed by 
the introduction of the seeds. This assumption may be 
justified since the size of the seeds is negligible compared 
to the dimensions of the field. 





Erratum: The Penetrometer Method for Determining the Flow 
Properties of High Viscosity Fluids 


[J. App. Phys. 14, 170 (1943) ] 


WESLEY W. PENDLETON, 
Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 


QUATIONS (48) and (50), page 178, quoted from W. Lethersich, are 


dimensionally incorrect. 


These equations and the subsequent analysis were used to show the insig- 
nificance of the elastic force as compared with the viscous force in the penetrat- 
ing needle system. This erroneous comparison was a side issue and had no 
bearing on the validity of the penetrometer equations or the method. Although 
the result of this comparison of elastic and viscous forces seemed to check 
experimental observation, the analytical comparison itself is questionable. 
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Thermionic Emission from an Oxide-Coated Cathode 


H. Y. FAn 
Radio Research Laboratory, National Tsing Hua University, Kunming, China 


(Received May 18, 1943) 


The properties of thermionic emission from a cathode coated with barium oxide are studied. 
The cathode is indirectly heated and its temperature is measured by a thermocouple. It is 
found that the emitted electrons have a Maxwellian distribution corresponding closely to the 
temperature of the cathode. The emission is studied with accelerating voltages up to 1300 volts. 
The current rises more steeply than predicted by Schottky’s theory but begins to bend at the 
upper end. The variation of the work function and the factor A with the state of the cathode is 
studied by glowing the cathode at different temperatures. It is found that both the work func- 
tion and the factor A vary. No appreciable decay of emission with time is observed. The effect 
of drawing emission on the work function and the factors A is small. 





HERMIONIC emission from oxide-coated 

cathodes has been studied extensively. 
Many results are, however, contradictory and 
the properties of such emitters are not yet thor- 
oughly clarified. We present in this paper the 
results of experiments made on a cathode coated 
with barium oxide. Emissions in retarding and 
accelerating fields were studied and the variations 
of emission constants with the state of the 
cathode were investigated. The experiments were 
made at low temperatures, so that the state of 
the cathode was not affected by the measurement 
itself. 


EXPERIMENTAL ARRANGEMENT 


For measurements of emission in a low field it 
is necessary to eliminate the potential drop along 
the cathode. In the case of oxide-coated cathodes 
the indirectly heated type is best suited for this 
purpose. The cathode used consists of a nickel 
alloy tubing, 2 mm in diameter and 4 cm long, 
with a loop of tungsten wire, embedded in 
alumina, serving as the heater. The coating is 
barium oxide, applied in the form of barium 
carbonate with amyl acetate and a trace of 
collodion as binder. The collector is a nickel 
cylinder, 1.29 cm in diameter and 1 cm long, with 
a nickel guard ring at each end. The guard rings 
are of the same diameter and 1.5 cm long each. 
They serve to eliminate the end effect of the 
applied field and the effect of the non-uniformity 
of the cathode temperature at the two ends. 

The cathode temperature is usually measured 
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by one of three methods: (1) direct optical 
pyrometer measurement; (2) measurement of 
the heating power input; (3) measurement of 
the core resistance. The first method is not 
applicable at low temperatures. The second 
method involves determination of the total emis- 
sivity of the coating surface, which varies with 
temperature. Besides, in the case of indirectly 
heated cathodes it is difficult to determine ac- 
curately how much of the total heating power 
is dissipated through the central portion of the 
cathode where the temperature is different from 
the two ends. In using the third method there is 
also the difficulty of non-uniform temperature of 
the cathode. In the case of filaments potential 
leads could be used to measure the resistance of 
the central portion. When the cathode is in the 
form of a tubing as in our case, this method is not 
applicable. We measure the temperature of the 
cathode by means of a thermocouple. A tungsten 
wire is spot-welded to the inside of the cathode 
near the center. The wire is held under tension, 
so that it does not touch the cathode at other 
places except the welded spot. The temperature 
of the core is measured by the thermal e.m.f. of 
this joint. This method is not applicable to 
filaments because of the fact that the wire welded 
to a filament disturbs its temperature. The core 
of our cathode is tubing 2 mils in thickness and 
the tungsten wire used is 3 mils in diameter. It is 
thought that the cathode should be massive 
enough for the disturbing effect of the tungsten 
wire to be negligible. To check this assumption 
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Fic. 1. Calibration of tungsten-cathode thermocouple. 


a tube is made with two wires spot-welded to the 
cathode, one on the inside and one on the outside, 
at two different points on the same circum- 
ference. The outer wire should cool the welded 
joint whereas the inner wire, being nearer the 
heater, should heat the joint. For a wide range 
of the heater current the thermal e.m.f. of the 
two joints showed no difference. We feel, there- 
fore, justified in using this method. The thermal 
e.m.f. of the tungsten-core couple is calibrated 
against a Chromel-Alumel thermocouple. For the 
calibration the two thermocouples are placed in 
an evacuated quartz tubing which is heated to 
different temperatures by an electric heater 
wound on the outside. To prevent any tem- 
perature difference the joints of the two thermo- 
couples are spot-welded together and _ their 
thermal e.m.f.’s are taken simultaneously. Figure 
1 shows the calibration curve. The thermocouple 
measures the temperature of the core. The tem- 
perature of the oxide surface should be lower. 
However, according to Moore and Allison' the 


( 1G. E. Moore and H. W. Allison, J. App. Phys. 12, 431 
1941), 
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temperature drop across the coating (thickness 
less than 100u) cannot be more than a few 
degrees. Furthermore, in such a composite 
cathode the emission could not be a function of 
the oxide surface alone but should depend upon 
the temperature of the bulk of the oxide also. 
In view of these considerations we shall take the 
thermal e.m.f. as measuring the ‘‘cathode tem- 
perature.” 

The structure of the tube is shown in Fig. 2. 
To seal to the glass envelope the thermocouple 
wires have to be welded to lead-in wires. The 
joints between these wires are removed far from 
the rest of the tube to prevent them from heating 
up. Figure 2 shows also the electric circuit used 
for measurement. The emission current flows 
through a high resistance in the grid circuit of 
the FP54 tube. The potential drop across the 
resistance is balanced by the potentiometer P,. 
There is, then, no potential difference between 
the collector and the guard rings during the 
measurement. The collector current is measured 
by the voltage supplied by the potentiometer P,. 
The current is measured down to 10-” ampere. 
The thermal e.m.f. indicating the cathode tem- 
perature can be measured with an accuracy of 
0.02 mv, which corresponds to less than 1°C. The 
accuracy of the temperature measurements 
depends, however, upon the accuracy of the 
calibration of the Chromel-Alumel thermocouple, 
for which the table given by Hoskins Manu- 
facturing Company in the Handbook of Chemis- 
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Fic. 2. Measure- 
ment circuit. 

















try and Physics is used. This table differs slightly 
from the table given in the International Critical 
Tables. 
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ELECTRON EMISSION IN A RETARDING FIELD 


If the conduction electrons in the cathode have 
a Fermi-Dirac or Maxwellian distribution and if 
the surface potential barrier allows all electrons 
with velocities (normal to the surface) above 
a certain value to pass through and reflects all 
electrons with velocities less than this value, then 
the emitted electrons should have a Maxwellian 
energy distribution corresponding to the tem- 
perature of the cathode. Such results have been 
obtained for pure tungsten and platinum 
cathodes. For composite emitters, however, 
surface reflection may vary with the energy of 
the electrons in a more complicated manner. 
Indeed, Nottingham? has shown that electrons 
emitted from thoriated tungsten do not follow 
the Maxwellian distribution curve corresponding 
to the temperature of the cathodes and that at 
low retarding fields the emission current has a 
much smaller slope. Nottingham explains this as 
due to surface reflection of the type R=e~#=!¢, 

In the case of oxide-coated cathodes Koller® 
and Rothe‘ found that, although the energy dis- 
tribution of the emitted electrons was Max- 
wellian, it corresponded to a temperature much 
higher than the observed cathode temperature. 
This, in fact, is similar to Nottingham’s result 
for thoriated tungsten. On the other hand, 
Davisson® and Demski® found that the electron 
temperature calculated from the energy distri- 
bution curve agreed closely with the cathode 
temperature. The tube used by Rothe did not 
have suitable structure necessary for such 
measurement. The experiments of Davisson and 
Koller were not reported in detail. Demski 
measured the cathode temperature by an optical 
pyrometer and worked in the range 1110 to 
1450°K. The electron temperature checked 
within a few percent with the temperature of the 
cathode, the difference becoming larger the 
higher the temperatures (13.3 percent at 1450°K). 
' He explains this as due to variation of cathode 
activity with measurement. To avoid such 
trouble it is best to work at low temperatures. 


2W. B. Nottingham, Phys. Rev. 49, 78 (1936). 
3 R. Koller, Phys. Rev. 25, 671 (1925). 

4H. Rothe, Zeits. f. Physik 36, 737 (1926). 

5 L. H. Germer, Phys. Rev. 25, 795 (1925). 

6 A, Demski, Physik. Zeits. 30, 291 (1929). 
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This is possible with our method of measuring 
cathode temperature. 

Schottky’ has shown that if the emitted elec- 
trons have Maxwellian energy distribution, then 
the relation between the current and the retard- 
ing potential is given by 


. - (peV /k T)t 
§=igp—} eve e—PeV/RKT 


(3) 0 


ev my 1 
(|) Locos (—) ||: ( ) 


In our case p'=[R?/(R?—?r’) }'=1.011. Setting 
this factor equal to one, the second term on the 
left-hand side is the probability integral, the 
value of which can be taken from tables. If the 
ratio R/r is very large, the integral in the first 
term could be set equal to one. We have 
R/r=6.43; such a simplification would not be a 
good approximation. We calculate log i/i9 for 
different values of eV/RkT, evaluating the integral 
by numerical integration. From such data theo- 
retical curves for different values of T can be 
plotted. Figure 3 shows the experimental points 
and the corresponding theoretical curves for 
different temperatures of the cathode in the 
range 582 to 951°K. For curves 3, 4, 5, and 6, 
the saturation current was not measured. In 
fitting the experimental points to the theoretical 
curves we used the contact potential found from 
curves 1 and 2 to fix the relative horizontal posi- 
tions, but the relative vertical positions were not 
fixed, the saturation currents not being known. 
The relative vertical positions of the experimental 
points and the theoretical curves shown for these 
curves are arbitrary. Each point was taken 
twice, on increasing and on decreasing voltage. 
In most cases the two readings differed so little 
from each other that, to avoid confusion, they 
are not shown separately. 

We see from Fig. 3 that in cases 1 and 2 the 
experimental points fall very closely on the 
theoretical curves. In cases 3, 4, 5, and 6 we can 
at least say that the experimental points lie very 
nearly parallel to the theoretical curves. Actu- 


7W. Schottky, Ann. d. Physik 44, 1011 (1914). 
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3, 4, and 5 the experimental 
points have a slightly steeper slope giving the 
energy distribution of the emitted electrons a 
temperature lower than that of the cathode. The 
difference between the 


ally, in cases 2, 


two temperatures is, 
however, less than 5 percent in the worst case. 
We conclude that the emitted electrons have 
Maxwellian distribution corresponding to the 
cathode temperature within experimental error. 


ELECTRON EMISSION IN AN 
FIELD 


ACCELERATING 


Assuming mirror image force between the 
emitter and the electrons Schottky® derived the 
following relation between the emission current 
and the accelerating field E 


i= iget# kT, (2) 
The logarithm of z plotted against \/E should be 
a straight line with the slope e!/k7. Experimen- 
tally this relation does not hold at low fields, since 
the emission current rises much faster with in- 
creasing field. The curve becomes a straight line 
with the predicted slope only at sufficiently high 
fields. For composite surfaces, such as thorium 
on tungsten, the departure from Schottky line 
depends upon the degree of activation, being 
larger for partially activated states. To explain 
such phenomena, the patch theory has been 


8 W. Schottky, Physik. Zeits. 15, 872 (1914). 
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proposed. It takes into account the surface in- 
homogeneity of the emitter due to different 
emission properties of the various crystal facets 
in the case of clean metal cathodes, or due to 
different amounts of adsorbed active material 
at various parts of the surface in the case of 
composite cathodes. Becker showed, by using a 
simplified model, that with the proper choice of 
the size of the areas of different activities and 
the degree of difference in activity a curve could 
be obtained to fit the experimental points. His 
calculations show that the smaller the size of the 
areas the higher must be the field for the current 
to approach the Schottky line and the larger the 
difference in work function between the various 
areas, the larger is the departure and the slower 
is the approach to the Schottky line. Electron- 
optical pictures'® of emission from oxide-coated 
cathodes actually show strongly varying inten- 
sity. Thus one should expect departures from the 
Schottky line on the strength of the patch theory 
alone. 

Figure 4 shows the experimental curves taken 
at various temperatures. There is some irregu- 
larity at small fields, the cause of which is not 
known. Above E=150 volt/cm the curves are 
straight within experimental error. The slopes 
are, however, over three times higher than the 
values predicted by Schottky’s theory. The range 
of the accelerating voltage was then extended to 


®J. A. Becker, Rev. Mod. Phys. 7, 95 (1935). 
10 Benjamin, Huck, and Jenkins, Proc. Phys. Soc. 50, 
345 (1938). 
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1300 volts. The results are shown in Fig. 5. The 
curves are straight up to E= 2500 volt/cm, the 
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Fic. 4. Emission in accelerating fields. 


slopes are given in Table I, together with the 
corresponding values according to Schottky’s 
equation. The slopes of the experimental curves 
are much higher than predicted by Schottky’s 


TABLE I, 


Temperature Theoretical slope Experimental slope Ratio of the 
°K 





logio/volt logio/volt slopes 
693 0.00635 0.0242 3.81 
757 0.00581 0.0207 3.56 
827 0.00536 0.0196 3.65 








theory, but the ratios of two corresponding values 
are about the same for the three different tem- 
peratures. At the higher end of the voltage range 
the curves begin to bend with decreasing slope. 
Unfortunately, the insulation of the tube does 
not permit carrying the measurement to much 
higher voltages to see whether the curves will 
approach the Schottky line. In this connection, 
indirectly heated cathodes are not the most 
suitable type to use for investigation. On account 
of the large diameter of the cathode, very high 
voltages must be used to obtain large fields. 
According to Benjamin, Huck, and Jenkins!® 
the size of the areas with different activities cor- 
responds to the size of carbonate particles from 
which the oxide coating is prepared. The particle 
size is usually of the order of 10-* or 10-* cm. It 
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is interesting to note that this is the right order 
of magnitude required by Becker’s patch theory. 


VARIATION OF EMISSION CONSTANTS 


The oxide coating of a thermionic cathode is 
an impurity semi-conductor with excess Ba, Sr, 
or Ca atoms as impurity supplying electrons to 
the conduction band. Fowler" has derived, on 
the basis of the theory of semi-conductors, the 
following equation for the emission current 


(8k5xm)? 
| 


i=D nT 5!4@h( AE. +4E2) —AE,z kT 


= DA'T5!4A(4E,+4E)—AEL kT 


= A T5/4¢h(4E, +4) — AE, kT, (3) 


where m is the concentration of impurity atoms 
in the oxide, AZ, is the energy gap between the 
bottom of the conduction band and the top of 
the next lower band (2), AE, is the energy dif- 
ference between the energy level of the impurity 
atoms and the top of band (2), AE, is the energy 
difference between the top of band (2) and the 
energy of an electron at rest outside the oxide, 
and D is the transmission coefficient of the oxide 
surface. In contrast to the emission from clean 
metals, A’ is not a universal constant but 
depends upon n. In fact, A for oxide-coated 
cathodes is very small compared with values for 
clean metals. This is not entirely due to D which 
may not be so greatly different from one. Thus 
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Fic. 5. Emission in accelerating fields. 


1 R. H. Fowler, Statistical Mechanics (Macmillan Com- 
pany, New York, 1936), second edition, p. 401. 
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A should vary with the state of the oxide, both 
on account of its variation with m and on account 
of the variation of D with the surface condition. 

The factor AE,—}(AE,+AE,2) is equivalent 
to the work function. Of the three factors, AF 
and AF, are approximately fixed for a given 
oxide, whereas AE, may vary with the surface 
condition such as the amount of adsorption of 
barium or strontium and oxygen. Thus the work 
function should also vary with the state of ac- 
tivation. In this respect it is interesting to 
consider the point of view adopted by de Boer." 
He considers the emission not as the passing of 
conduction electrons through the surface but as 
thermal ionization of the individual atoms ad- 
sorbed on the surface. According to this picture, 
the electrons inside the oxide pass from one 
barium atom to another, each time transforming 
these atoms into ions, until they reach the atoms 
adsorbed on the surface, where they are emitted 
by thermal ionization. So far as electron con- 
duction inside the coating is concerned such a 
picture is merely an equivalent way of looking 
at the matter, but the factor A will depend not 
only upon the concentration of barium or stron- 
tium atoms inside the oxide due to its effect on 
electron conduction, but also upon the number 
of atoms adsorbed on the surface, being directly 
proportional to it. What is more important is that 
the work function is now the energy required for 
the thermal ionization of the adsorbed atoms. 
According to de Boer, when the adsorption is low 
(less than a full layer), the effect of the adsorbed 
atoms on the ionization energy of each other is 
negligible ; consequently the work function of the 
oxide should be independent of the state of 
activation and should remain constant. It seems 
to us that even with this picture the work func- 
tion should not remain constant, since the 
amount of adsorption certainly affects among 
other things, the difference between the energy 
levels inside and outside the oxide, on account 
of the double layer effect. The energy levels of 
the adsorbed atoms are more or less fixed with 
respect to those of the oxide. With variation of 
the amount of adsorption, the energy required to 


2]. H. de Boer, Electron Emission and Adsorption 
Phenomena (Macmillan Company, New York, 1935). 
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release an electron from an adsorbed atom and 
emit to the outside space should not remain 
unaffected. From the above considerations we 
expect that both A and the work function will 
vary with the state of activation of the oxide. 

The experimental results conflict with each 
other. Some claim that the work function remains 
constant while A varies; other results are just 
the opposite ;“ still others state that both A and 
the work function vary.'® It seems, however, that 
most of these results are not reliable enough to 
be conclusive, because the temperature range 
used has been too short to give reliable Richard- 
son plots or the temperature has been too high 
to prevent a change of the state of the oxide 
during measurement. 

To determine the emission constants one has 
to measure the zero field emission. On account 
of the space charge there is no sharp breaking 
point where the curve goes through zero field. 
We find, however, that in the region of low 
accelerating voltage the current rises very slowly. 
The fact that our cathode has a large diameter 
and that the field increases rather slowly with 
the voltage is helpful in this respect. Negligible 
error is made if we take the current at 0.1 or 0.2 
volt on the accelerating side, instead of at zero 
field. This is evident from Fig. 6, curve (a). We 


Fic. 6. Effect of po- 
tential difference be- a 
tween collector and 
guard rings. 





V volts 


have observed a peculiar phenomenon: Some- 
times the curve log7 versus V shows a hump 
near zero field. The hump appears every time 
after glowing the cathode at a sufficiently high 


183 W. Espe, Wiss. Ver. Siemens-Konz. 5, No. 3, 29, 46 
(1927). H. Kniepkamp and C. Nebel, Wiss. Ver. Siemens- 
Konz, 11, 75 (1932). 

4 W. Heinze and S. Wagener, Zeits. f. Physik 110, 164 

1938). 
‘ 15 F, Detels, Zeits. f. Hochfrequenz. 30, 10, 52 (1927); 
W. S. Huxford, Phys. Rev. 38, 379 (1931). 
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temperature and disappears after a large current 
is drawn at sufficiently high temperature. We 
conclude that the hump is due to a contact 
potential difference between the collector and the 
guard rings. Although these are made of the 
same material, because of the difference in tem- 
perature between the central portion and the 
two ends of the cathode the rate of evaporation 
of barium and oxygen and their deposition on 
the collector and the guard rings is different, 
causing a potential difference. Curves (c) and 
(d), taken at the same time, are for the guard 
rings 0.1 volt positive with respect to the col- 
lector, in the case of curve (d), and 0.1 volt 
negative in the case of curve (c), and bear evi- 
dence to this explanation. Curve (c) has just the 
same shape as curve (b). The fact that only 
curves with a hump like curve (c), but none 
with poor saturation like curve (d), were ob- 
served, indicates that the collector is sometimes 
positive, but never negative, with respect to the 
guard rings. The magnitude of the hump of 
curve (c) far exceeds the worst case observed. 
.Fortunately, with an accelerating voltage of 
over one volt, the two curves (c) and (d) approach 
the same value, which differs but little from the 
zero field current. It should be mentioned that 
the measurement of emission in retarding and 
accelerating fields was made with the tube in the 
condition showing no hump. 

The contact potential between the collector 
and the cathode, as determined from the bending 
position of the log i versus V curve, varied from 
0.1 to 0.7 volt. Had the surface condition of the 
collector remained unchanged, this variation of 
the contact potential difference should corre- 
spond to the change in the work function of the 
cathode. But the latter, as obtained from the 
Richardson plot, showed no correlation with the 


shift of the bending position of the log 7 versus V 


curve. Furthermore, since the collector is made 
of nickel, its work function should be around 
5 ev, at the same time the work function of the 
cathode varied from 1.5 to 1.8 ev. The contact 
potential difference should thus be several volts. 
The fact that it was less than one volt, and 
varied with no apparent correlation with the 
work function of the cathode, shows that the 
surface condition of the collector was not that 
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of clean nickel and that it varied with the treat- 
ment of the tube. Since barium as well as oxygen 
may be evolved from the cathode and deposited 
on the collector, such phenomena are not sur- 
prising. We found that, in general, after glowing 
the cathode at high temperature the bend in 
the curve logi versus V shifted to higher 
accelerating voltage, whereas drawing large 
emission had the opposite effect. For the de- 
termination of emission constants, low cathode 
temperatures were used, 480°<7'<720°K, so 
that no change of contact potential difference 
took place during each set of measurement. 
Figure 7 shows a set of log i versus V curves 
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Fic. 7. Emission at different temperature. 


and Fig. 8 shows the Richardson plots for various 
states of activation. Since the current 7 is not 
sensitive to the power of T in Eq. (3), we used 
T? instead of T** to reduce Eq. (3) to the form 
of Richardson equation for comparison with the 
data of others. Figure 8 shows that the points 
fall very closely on straight lines. The current 
measurement is accurate to within 2 or 3 percent. 
Any small deviation of the points must be due 
to inaccuracy in temperature measurement. The 
largest deviation of a point from the straight line 
corresponds to about 5°C. The experimental 


JOURNAL OF APPLIED PHYSICS 
































Log,i/T? +18 
ra 
LY 






































+4 1S ry 1 “us ‘ 20 


i/t « 40° 


Fic. 8. Richardson plot. 


points in the Richardson plots cover a range of 
more than 4 for logio 7. The upper limit is im- 
posed by the precaution against a change of the 
state of the cathode due to high temperature and 
large emission, whereas the lower limit is set by 
the tube leakage. Table II gives the emission 


TABLE II. 





Cathode glowing 





Temperature Duration Work function 
No. "- min. ev logio A 
1 1390 7 1.691 —0.21 
2 1350 4 1.571 —0.25 
3 1200 30 1.520 —1.02 
4 1270 10 1.571 —0.43 
5 1320 7 1.689 —0.15 
6 1300 10 1.590 —0.56 
7 1100 30 1.521 —0.97 
8 1320 4 1.641 —0.14 
9 1320 7 1.696 —0.33 
10 1120 60 1.551 —0.65 
11 1200 30 1.560 —0.45 
12 1150 45 1.503 — 1.06 
13 1390 7 1.830 +0.34 
14 1140 30 1.605 —0.79 
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constants determined after various treatments 
of the tube. The numbers of the Richardson 
plots in Fig. 8 correspond to the numbers in this 
table. An examination of the table shows that 
high temperature flashing increases both the 
work function and A, which come back to lower 
values after glowing the cathode at a lower tem- 
perature. Our cathode, being indirectly heated, 
has a large heat capacity, which makes its tem- 
perature variation slow. After flashing it may 
reactivate to some extent as the temperature 
drops slowly, so that we could not vary its state 
of activation over a wider range. The lowest 
value observed for the work function is about 
1.5 ev. After flashing the cathode at high tem- 
peratures several times successively we could no 
longer bring the work function to this value: 
It was then about 1.6 volt. This is probably due 
to poising by oxygen liberated at high tempera- 
tures. Figure 9 shows the relation between the 
work function and log A. Poor scattering of the 
points may be due to the inaccurate determina- 
tion of the latter. 
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Fic. 9. Relation between work function and log A. 


EFFECT OF DRAWING EMISSION 


It has been reported in several papers that 
when emission is drawn from an oxide-coated 
cathode the emission current decays with time, 
approaching a final value considerably smaller 
than the initial current, sometimes less by a 
factor of ten or more. In the range 650°K <T 
<1000°K, the greater part of the decay takes 
place in the first few minutes, and the lower the 
temperature the slower the approach to the 
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final value. All these measurements were made 
on cathodes coated with a mixture of barium and 
strontium oxides.'® 

In our case the measurements made for the 
Richardson plots were carried up to 700°K and 
in the measurements with accelerating fields the 
temperatures used were as high as 850°K. The 
emission current was steady and showed no sign 
of decay. To make sure of this fact four curves 
were taken at 790°K, 880°K, 950°K, and 990°K, 
with aconstant voltage of 22.5 volts. The cathode 
was first glowed at the test temperature for some 
time. Then the collector voltage was applied by 
closing a switch and the emission current was 
taken at different time intervals. The curves are 
shown in Fig. 10. Curve 4 shows no change of 
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Fic. 10. Variation of emission with time. 


emission with time, whereas curves 1, 2, and 3 
show a slight drop within the first few seconds. 
However, in these cases the cathode temperature 
also dropped slightly as the voltage was applied. 
This was indicated by a deflection of gal- 
vanometer G, shown in Fig. 2. The galvanometer 
reading came back to the balanced position again 
when the collector voltage was removed. The 
slight drop in emission was thus apparently 
associated with the drop in cathode temperature 
due to emission. 

The emission current has also the effect of 
heating the cathode by going through the oxide. 
Figure 11 shows the cathode temperature and 


1% J. A. Becker, Phys. Rev. 34, 1323 (1929); J. A. 
Becker and R. W. Sears, Phys. Rev. 38, 2193 (1931); 
H. Kniepkamp and C. Nebel, reference 13; J. P. Blewett, 
Phys. Rev. 55, 713 (1939). 
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Fic. 11. Variation of emission and cathode temperature 
with time. 


the emission current at 1125°K with an applied 
voltage V=110 volts. Upon applying the col- 
lector voltage the cathode temperature fell 
below the original value, then rose above it. 
Apparently the cooling was due to emission and 
the heating was due to conduction of the emission 
current through the oxide. The variation in 
emission was evidently to a great extent due to 
the variation of the cathode temperature. 

It seems that, at temperatures and emission 
densities corresponding to the curves in Fig. 10, 
the emission of current has very little effect on 
the state of the oxide. In cases such as shown in 
Fig. 11 it is difficult to tell, due to the disturbing 
effect of the large variation of cathode tem- 
perature. Table III gives the emission constants 





TABLE III, 
Cathode Tube treatment 
tempera- Emission drawing Work 
ture Voltage Current Duration function 
No °K volt ma min. ev logio A 
1 1065 120 1.592 —0.73 
2 1065 20 a5 120 1.592 —0.73 
3 1120 120 1.648 —0.42 
+ 1120 60 13 90 1.620 —0.57 
5 1120 110 30 45 1.608 —0.60 
7 1065 180 1.598 —0.84 
8 1065 110 8 60 1.590 — 1.06 


determined after various treatments of the tube. 
When emission was drawn the collector voltage 
was removed after the heating current, otherwise 
the effect of drawing emission might be reduced 
due to the slow cooling of the cathode. It is seen 
that the effect of drawing emission is small, both 
log A and the work function are slightly reduced. 
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